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Aeolian landforms have been recorded on reef islands between 7° - 25° S, but never in 
equatorial settings. While evidence of aeolian activity has been observed, the significance of 
aeolian sedimentation has not been considered in the current model of reef island development. 
Reef islands are derived from biogenic sediments produced on the reef platform. Sea level rise 
and an increase in ocean acidification and extreme weather events are expected as a response 
to anthropogenically forced climate change. The response of reef islands to these processes is 
currently unknown. It is suggested that aeolian sedimentation provides a key mechanism of 
reef island accretion above the limit of marine processes. This research will investigate the 
significance of aeolian sedimentation of low-lying islands in an equatorial setting. 
 
This study presents high-frequency measurements of aeolian sedimentation and incident and 
near surface wind flow on a lagoon sand cay (Maaodegalaa) in the Maldives. Wind flow was 
recorded using sonic anemometers operating at 1 Hz over 8 days during the Iruvai monsoon in 
January and February 2018. WenglorTM particles counters, also operated at 1 Hz, and self-
orientating swinging sediment traps, were used to measure sedimentation and particle flux at 
the bed during two high speed wind events, on the 31st of January and the 1st of February 
2018. Island topography and vegetation cover were surveyed using RPAS (Remote Piloted 
Aircraft System) photogrammetry and a laser level. Sand samples were collected from the 
surface and through a series of pits on two landforms in Huvadhoo Atoll. Particle distribution 
analysis was completed at the University of Melbourne using a Beckman Coulter LS 13 320 
laser diffractor. 
 
Four distinct transitional stages of island form were identified in Huvadhoo lagoon; ; (i) patch 
reefs with submarine sediment deposits; (ii) ephemeral sediment deposits which are covered at 
spring high tide; (iii) sand cays which rise above spring high tides and are colonised by early 
successional vegetation species; and (iv) forested islands with stable cores. Each island form 
is progressively more stable which is associated with increasing vegetation cover. Beach rock 
is also associated with island stability, but only one occurrence was reported in the lagoon. 
The subaerial surface of Maaodegalaa is comprised of medium-size coral sands. As no tsunami 
or over-wash events were reported since the formation of the island in its current position since 
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2011, these sands are likely deposited through aeolian processes. Coarse and fine layers within 
the stratigraphy became gradually finer closer to the surface, but an unequivocal aeolian facies 
could not be determined from grain size characteristics alone. 
 
Significant sediment flux was recorded on Maaodegalaa during the Iruvai monsoon (35,848.13 
g/hour/m2). This was recorded in the lee of a scarp during the second recorded high-speed 
wind event. Higher rates of sedimentation occurred in the lee of a scarp, which indicates that 
flow acceleration over scarps is likely to provide higher rates of sand flux compared with flow 
over simple topographies. Aeolian accretion may be a significant phase in reef island 
development. The length of this period will differ between island morphology, seasonal forms, 
vegetation cover and exposure to incident wind. Ultimately it will be limited by vegetation 
cover, which decreases the potential for aeolian sedimentation through and increase in surface 
roughness and shelter. 
 
This research proposes a model where island accretion results from a combination of aeolian 
sedimentation and plant colonisation. The initial ephemeral surface provides an environment 
conducive to seed germination. The increase in surface roughness from vegetation colonisation 
also promotes accretion through growth of aeolian landforms. This model is independent of 
sea-level over decadal time scales. The period over which aeolian accretion and plant 
colonisation occur simultaneously is unknown, but it is likely to occur over years to decades. 
This research is the first to record aeolian sedimentation in an equatorial setting. It is also the 
first to consider aeolian accretion in a model of reef island development. However, a clear 
aeolian facies could not be identified using only Folk and Ward grain size statistics, and it is 
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A coral cay is a low island formed from biogenic sediments derived from the reef platform on 
which it sits (Flood, 2011; Smithers and Hopley, 2011). They are located within atoll lagoons 
and are generally composed of sands. Coral cays usually occur very close to sea level. In the 
Maldives, for example, the maximum natural ground level is just 2.3 m above high tide level 
(Loh et al., 2012). They are somewhat protected from coastal processes by the atoll rim and 
rim islands and are considered to form under mean energy, rather than storm conditions 
(Yamano et al., 2014), yet they remain vulnerable to environmental change, including sea-level 
rise (Woodroffe, 2008). They occupy a very small area, yet they provide habitable land for 
indigenous communities and are essential to the economy of many island nations in the Indo-
Pacific Region. For example, in 2015 the population of the Maldives totaled 360,536 spread 
over 298 km2. Tourism currently accounts for 60% of the Maldives' foreign exchange receipts, 
and most tourists stay at one of the 105 resorts, nearly all of which are located on cays less than 
2ha in size. 
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This research is concerned with the development of these small coral sand islands. Existing 
models consider the emergence of a sand cay and development into a stable, forested island to 
be driven by exclusively marine deposited sediments (Nichol and Kench, 2008).  Developing 
more complete models of cay formation will be fundamental to their future management and 
conservation. Cays development commences as a subtidal deposit of biogenic sediment on a 
reef platform. Cays may remain intertidal or, with time, accrete above sea level and be 
colonised by marine-dispersed pioneer plant species. The emerging island may continue to 
grow vertically (and increase in area), or the cay may erode and return to an intertidal or 
subtidal sedimentary deposit (Flood & Heatwole, 1986). Understanding how these islands 
develop is fundamental to understanding whether they will exist far into the future, since the 
process of island erosion and loss and island formation is continuous.  
 
There is some evidence that small cays form and accrete as sand blown from supratidal cay 
platforms is trapped by pioneer plant communities. The proposed research aims to assess the 
contribution of aeolian processes of sedimentation to the vertical growth of coral cays, in 
particularly the early development of islands following initial plant colonisation. Aeolian 
sedimentation not only raises the surface of the island and reduces the risk of inundation, but 
also provides for the development of a freshwater lens (Wiens, 1962).  Both processes favour 
the establishment of a wider range of shrub and tree species (Heatwole et al., 1981) which may 
contribute to island stability. Geologists, geomorphologists and ecologists have noted the 
presence of dunes on reef islands across the Indo-Pacific Region and commented on their 
contribution to island topography (Stoddart & Taylor, 1971; Woodroffe, 2008; Yasukochi et 
al., 2014).  Dunes have been recorded in several Indian Ocean settings, such as Tromelin Island 
near Madagascar (Marriner et al., 2012), but to date there has been no systematic investigation 
of the magnitude and frequency of aeolian sedimentation or consideration of how climate 
change may affect this process. Nor has there been consideration of aeolian sedimentation on 
islands close to the equator, including the Maldives. In a recent major review of atoll island 
vulnerability to climate change (McLean & Kench, 2015) no mention was made of the impact 
of sea-level rise on aeolian processes (and hence the early stages of island development) or the 
potential to utilise these processes for vertical island growth. An aeolian perspective is needed 
to complete our understanding of these important equatorial landforms. 
 
Vertical island accretion has, to date, been attributed to deposition during over-wash conditions 
during tsunami (Nichol and Kench, 2008) and distant-source wind-waves (United Nations, 
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2007; see, for example, Hoeke et al. 2013). The 2004 Indian Ocean Tsunami and the 2007 
distant-source wave event in the southern Indian Ocean generated waves that over-washed 
exposed cays and islands in the eastern and southwestern Maldives (respectively) and deposited 
sediment and contributed to the vertical growth of islands and cays. Over 110 cays occur in 
Huvadhoo lagoon in a range of stages of development, including sub-tidal, supra-tidal un-
vegetated to supra-tidal vegetated islands. Initial analysis of available satellite imagery 
indicates the pioneer vegetation cover on many of the cays has developed in the last 15 years, 
raising the possibility that the above inundation events contributed to the dispersal and 
deposition and successful germination of the seeds of pioneer species.  
 
There are no known studies of the role and significance of aeolian activity to reef island 
building.  While there are models that interpret the development of atoll rim islands and reef 
platforms, there has been little work done to explain the processes which form early 
successional islands (or cays).  It has often been assumed that incident wave energy is what 
forms the very earliest stage of these islands, and accretion is attribute to wave over-wash 
during periods of high sea level – but there has been no research into the significance of aeolian 
activity.  If aeolian activity is significant towards island development, it is hypothesised that 
there will be a clear signature of aeolian sediments within the stratigraphy of the island. 
 
1.2.  Research Aims and Questions 
 
The aim of this study is to determine the nature and significance of aeolian sedimentation on 
coral cay development in an equatorial setting.  As it is an exploratory study, it does not expect 
that every aspect will be resolved.  The research is based on a field study conducted 
Maaodegalaa - a small, low-lying vegetated coral cay in Huvadhoo Atoll, Maldives.  To 
complete this study the following research questions will be addressed: 
 
1. What are the transitional forms of a reef island and how do they relate to each 
other? 
2. Does aeolian sedimentation occur and does it form a distinct sediment facies? 
3. What is the significance of aeolian sedimentation to the accretion of coral islands? 
4. Can the findings of this research be used to improve or add to the current model 




1.3 Study Site 
 
The Republic of the Maldives is one of only four atoll nations (Figure 1.1). It consists of a 
chain of 26 atolls in the Arabian Sea, south-west of Sri Lanka (Aslam and Kench, 2017).  The 
26 atolls are distributed atop a submarine ridge running north to south, within 8° N and 1° S, 
and is among the largest coral reef and carbonate platform areas in the world (Gischler et al., 
2014).  The archipelago is approximately 1000 km long and up to 150 km wide, spread over 
an area of approximately 107,500 km2. The area is comprised of living coral reefs, and there 
are 1,192 coral islands in the atoll chain (Pardasani, 2006).  Of these 200 are inhabited (Cabioch 
et al., 2010).  The highest natural point within the Maldives is 2.4 metres above sea level, and 
the average natural elevation is 1.5 metres above sea level, while 80% of the natural land mass 
lies below 1 metre above mean sea level.  As a low-lying nation with very little available 
habitable land, sea level rise, and the response of both cemented coral rim islands and sand-
based cays to sea level rise are of great interest to the Maldives.  The response of these islands 
to an increase of storm surge is also of note as these events may become more common.   
 
Huvadhoo Atoll is the largest atoll in the Maldives and one of the largest in the world. It is 
located just north of the equator (Aslam and Kench, 2017).  Huvadhoo is 80 km long at its 
maximum north-south axis and 60 km wide along its east-west axis and has an area of 3,279 
km2.  The rim is defined by multiple islands and reef platforms which are separated by deep 
channels.  The lagoon water depth reaches 80 meters.  Huavdhoo atoll contains 255 islands of 
varying morphologies.  The land that lies above mean sea level within the lagoon ranges from 
100 m2 to 2.361 km2, with the majority of islands located on the atoll rim.  The lagoon contains 
four reef - island forms: i) patch reefs, or ‘faros’ (donut-shaped reefs with central depression); 
ii) patch reefs with active sand deposits covered at spring high tide; iii) sand cays on reef 
platforms which lie above spring high tide, and are colonised by early successional vegetation; 
and iv) forested islands with consistent island margins and depocenters. Huvadhoo lagoon 
contains 71 patch reefs and faros.  There are 41 long established type (iv) which have a forest  
cover.  There are sand cays on 22 reef platforms, 16 of which appear to be completely inundated 
by over-wash consistently due to the lack of vegetation, and wrack lines observed in aerial 






Figure 1.1: Huvadhoo Atoll and the Republic of the Maldives.  Huvadhoo Atoll contains 255 
islands, 241 of which are vegetated. 
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All lagoon sand cays and islands within Huvadhoo Atoll are composed of biogenically derived 
carbonate sediments, largely within the fine to medium grade in the Wentworth classification 
(Liang et al., 2016).  Due to the near-mean sea level elevation of reef platforms, the position 
of an island or cay on a platform varies in response to the incipient swell, currents and wave 
conditions (Aslam and Kench, 2017).  Early successional vegetation on the lagoon islands are 
Cyperus conglometratus, a low sedge which colonises first, and the shrub Scaevola taccada 
(Figure 1.2).  C. conglomeratus is a robust tussocky perennial that is common in coastal 
environments of western Asia (Lye, 2001).   S. taccada (magoo in Divehi) are a beach shrub 
which has a significant presence on the emergent islands in Huvadhoo (Hyland et al., 2010).  
The fruits produced are extremely salt tolerant and are able to be dispersed through ocean 
currents.  Cocos nucifera seedlings are also present on early establishing cays, but mature 
plants are more common on fully vegetated islands alongside native tree species such as 
Pisonia grandis and Calophyllum inopyllum.    
 
The Maldives has a tropical monsoon climate in the Köppen climate classification (Peel et al., 
2007).  The climate is strongly influenced by the Indian Monsoon reversal (Figure 1.3a).  Due 
to the proximity to the equator the Maldives are largely storm free, however cyclonic activity 
is occasionally experienced in the northern atolls, which lie furthest from the equator.  
Figure 1.2: The two early successional vegetation species found in Huvadhoo Atoll: Cyperus 
conglomeratus (foreground) and Scaevola taccada (background).   
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However, only four tropical cyclones occurred in the northern sector of the archipelago 
between 1970 and 2004 (Gischler et al., 2014).  From May to November during the wet summer 
monsoon (Hulhangu), the winds are predominantly from the southwest with increased 
rainstorms and wind strength (Storz and Gischler, 2011).  The dry winter monsoon (Iruvai) 
occurs during December to March and is characterised by weaker winds from the northeast and 
lower rainfall frequency.  Precipitation increases from north to south, as does the influence of 
the monsoon (Woodroffe, 1992).  The monsoons are marked by a strong reversal of wind 
directions which are confined to a narrow range of directions (Kench, 2012).  Mean wind 
speeds at Kaadedhdhoo Airport on the western rim of Huvadhoo Atoll (at 9am) are 3.08 ms-1 
during Hulhangu and 2.45 ms-1 during Iruvai (Figure 1.3b).  The winds are the most variable 
during the crossover period between the north-east and westerly monsoons.  During the north-
east monsoon the wind gusts are more extreme, but less common and in the westerly monsoon 
winds are more common, but at a lower intensity (Kench and Brander, 2006).   
 
Waves in the lagoons of Maldives atolls are a combination of locally generated (fetch limited) 
waves and swell that propagates through channels between rim islands into lagoons (Kench et 
al., 2009).  Seasonally, swell propagates from the southeast during Hulhangu with wave height 
and period at 1.2 meters and 8.5 seconds.  During Iruvai the swell propagates from the south 
and has a longer wave period (10.5 seconds) and a wave height of 1.5 meters.  Tides in the 
study area are semi-diurnal and a have a spring tide range of 1.2 meters.  High-energy storm 
surges can inundate the low-lying islands of the Maldives (Kench et al., 2006).  Rim islands in 
southern Maldives were inundated in 1987 and 2007 after long period swell events driven by 
high latitude storms.  A study completed by Wadey et al. (2017) concluded that coastal flooding 
in the Maldives is most likely to occur during long-period (classified as up to 20 second period 
waves) energetic waves from the Southern Ocean in conjunction with spring high tides.  The 
Maldives are also susceptible to tsunami waves from Indian Ocean earthquakes.  The Sumatran 
earthquake which occurred on 26 December 2004 generated tsunami waves and long-distance 
swell which reached the Maldives 2500 kilometers away (Kench et al., 2006).  These waves 
were 1.80 m above mean sea level and were enough to inundate islands and deposit sand sheets 
on island surfaces as deep as 0.3 meters.    
 
Maaodegalaa, the primary study site is a low-lying sand cay colonised by early successional 
vegetation.  It lies at the southwest corner of the lagoon of Huvadhoo Atoll, 27 km north of the 
equator (0°15'0.68"N, 73°14'3.23"E).  The island lies on the north east section of the patch reef 
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(Figure 1.1).  In February 2018 it had an area of approximately 0.60 ha.  It was almond shaped 
and approximately 160 metres long and 50 metres across at its widest point.  Maaodegalaa has  
early successional vegetation which dates from 2011.  There are several Cocos nucifera 
(coconut palm) seedlings sprouting on the island, germinating as early as 2012.  Maaodegalaa 
is an island with dynamic margins, as explained below, which may explain why no coconut 
palms have been slow to colonise.  Maaodegalaa is situated close to a gap in the rim of 
Huvadhoo Atoll, and is likely affected by the prevailing southerly swell, but is relatively 
sheltered from short period waves within the lagoon by the rim islands to the west. Conversely, 
Maaodegalaa is relatively exposed to lagoon waves from the northeast. 
 
Figure 1.3: a) Wind rose and b) mean monthly wind speed and 
maximum monthly wind speed at Kaadhedhdoo Airport (Maldives 
Meteorological Service, 9 am data, 10 m mast, 1991 – 2008). 
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The secondary study site is a small type (ii) ephemeral deposit (Daaodagalaa) that lies to the 
north-west of Mahutigalaa (Figure 1.4).  Daaodagalaa is over-washed at spring high tide, 
indicated by the absence of vegetation and lack of old wrack and debris.   At the time it was 
visited (4th February 2018) it was approximately 70 metres long and 40 meters wide at its 
widest point.  Daaodagalaa lies on the eastern margin of the patch reef it lies on.  Daaodagalaa 
was approximately one kilometre north-west of Mahutigalaa, a well-established, forested 
island (Figure 1.4).  The current morphological state of Daaodagalaa does not support the 
establishment of early successional species because it is regularly over-washed during spring 
high tide. 
 
1.4 Thesis Structure  
 
This thesis is divided into six chapters.  Chapters 1 and 2 introduce the research and establish 
the research context.  Chapters 3, 4 and 5 address each of the four research questions outlined 
in Section 1.2.   
 
Figure 1.4: Type (ii) morphological form Daaodagalaa (left) and type (iv) form island Mahutigalaa 




Chapter 2 describes the literature surrounding atoll and reef islands.  It summarises the 
formation of atolls and reef islands within them.  It outlines the sediment characteristics in 
these environments and will identify the progression of reef island development models.  This 
chapter will identify where further research is required in the literature.  
 
Chapter 3 is focused on the transitional forms of reef islands from early, submarine forms, to 
the final form of a forested island with a stable core.  This chapter uses aerial images from 
Google Earth to analyse the island forms within Huvadhoo Atoll, and to identify the 
characteristics and morphodynamics of each form.   
 
Chapter 4 examines the near bed aeolian sedimentation on Maaodegalaa.  It uses data collected 
from anemometers, WenglorTM particle counters and swinging sand traps.  Two episodes of 
high wind speed and sedimentation are used to calculate the direction of aeolian sand transport 
and rates of sand flux.   
 
Chapter 5 is dedicated to identifying an aeolian facies within the stratigraphy.  Samples were 
taken across the surface from the beach toe through to the surface above spring high tide.  A 
series of 12 pits were also sampled to observe the stratigraphy.  A small number of samples 
were also taken from Daaodagalaa, a small neighbouring sand cay that is over-washed during 
spring high tide.  
   
The sixth and final chapter is a synthesis of the findings of this thesis.  The key findings of 
each chapter are collated and discussed in context with the four research questions.  This 
chapter will state the overall conclusions from the thesis, limitation and recommendations for 
further research.   

















2.1 Introduction  
 
Atolls have been the focus of many studies due to the importance of these landforms to the 
people that inhabit them, and the uncertainty of their response to anthropogenically enhanced 
sea level rise (Aslam and Kench, 2017).  Atolls and reef islands are common landforms found 
within the tropics (Purdy, 1974). The processes which initially construct and continue to 
develop these formations have been studied since the mid 1800’s (Purdy and Winterer, 2001).  
Atolls, and the associated rim and lagoon reef islands, are the only land available for habitation 
in low lying nations, so understanding how these islands form and interact with natural 
processes is of great importance (Aslam and Kench, 2017).   
 
This section summarises the theories of atoll formation and discusses the processes which form 
islands within atolls lagoons.  It categorises reef islands found within atolls and reviews the 
sediment regimes that are found across reef platforms and lagoon islands.  The processes which 
shape these islands, and how sediment is propagated from the reef rim to these islands is 
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reviewed.  There is wide variation in the processes which control the morphology of these 
landforms and makes it difficult to create a comprehensive summary of the relevant studies.   
 
2.2 Atoll Formation 
 
Coral atolls are typically ring-shaped coral reefs which encircle, either partially or completely, 
a lagoon (Figure 2.1) (Gischler, 2006).  Atolls can be a wide range of sizes and are the product 
of biotic growth from living coral.  Living coral grows near the surface around the island and 
eventually the island subsides as the coral reef persists (Darwin, 1889).  An atoll is initially 
formed when an underwater volcano slowly builds a ‘seamount’ until this breaches the surface 
(Steers and Stoddart, 1977).  The island is replaced by a lagoon, which is an unconsolidated 
conglomerate of reef gravels and sediments and is surrounded by the barrier reef (Steers and 
Stoddart, 1977).  Atoll rims persist if the rate of upward and outward growth can match the 
erosion rates (Grigg, 1982).  The nature of uplift and erosion mean that atolls rim islands and 
interior islands are low-lying.  As they are formed from living coral, atolls are limited to the 
tropics and subtropics due to the habitat requirements of coral (Purdy and Winterer, 2001).   
Figure 2.1: A map of the 26 atolls which make up the Maldives in the Indian 
Ocean.  The common ring shape encircling a number of lagoon islands is 




The widely accepted model of atoll formation was envisioned by Darwin (Figure 2.2) (Darwin, 
1889).  This model states that atolls are the result of subsidence of a central land mass (Purdy 
and Winterer, 2001).  As the land mass submerges an initial reef grows outwards and upwards 
– widening the lagoon of the atoll.  The final submergence of the land mass marks the final 
step in becoming an atoll.  The Darwin hypothesis provides a widely accepted mechanism of 
atoll formation, however, much less is known about how the processes of reef building and 
rates of subsidence, erosion and past sea level changes interact and shape the reef (Grigg, 
1982).  Darwin’s model for atoll formation does not always account for the sea level rise during 
the Holocene, and there is some uncertainty around why some banks have kept pace with sea 
level and why others have not (Grigg, 1982).   
 
There are two other atoll models; the Daly glacial control theory and the antecedent karst theory 
(Purdy and Winterer, 2001).  The Daly theory proposes that there is no evolutionary association 
of the fringing reefs, barrier reefs and atolls; instead the difference between the 3 reefs is 
predicted to indicate the degree to which the marine planation reduced the lateral extent of the 
landmass.  The antecedent karst theory is similar, but instead ties the origin of atoll lagoons to 
differentials solution of rainwater during glacial sea-level low stands (Purdy, 1974).  Purdy and 
Winterer (2001) conducted a study of 301 atolls in the Pacific, Indian and Atlantic Oceans to 
identify the origin of atoll lagoons.  The Darwinian theory simply states that, alongside 
subsidence, vertical growth of the atoll rim is greater than that in the lagoon, however Purdy 
and Winterer (2001) hypothesise that the relief is inherited from previous Pleistocene glacial 
stages.  Darwin’s subsidence theory provides an adequate and tested explanation of the reef 
types in open-ocean atolls and reefs in continental margin settings (Ladd, 1977).  While the 
Daly glacial control theory accounts for some of the discrepancies in Darwin’s model, it does 
not explain the formation of reefs in the method he envisioned, it is still clear that the 




2.3 Sediment Production 
 
The sediments of tropical reefs are carbonates derived from the surrounding reefs (Perry et al., 
2015).  Carbonate production by frame builders and benthic organisms, along with erosion 
(biological and mechanical), control the generation of sediment on reef platforms which is 
subsequently stored on reef platforms and used to build reef islands (Hart and Kench, 2007).  
The quantification of carbonate sediments on reefs is a relatively recent interest of researchers 
but is an important component of understanding the relationship between carbonate producers 
and future island vulnerability.  The sediment production regime of a reef can evolve as the 
Figure 2.2: Darwin’s subsidence theory of atoll formation.  This 
figure shows the formation of the typical circular atoll morphology.  
The stages are representative of snapshots of the same atoll through 
time (Terry and Goff, 2013). 
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surrounding reefs respond to environmental change (such as maturing of reefs or coral 
bleaching).   
 
Corals and coraline algae are processed into sediments used for island building through 
bioerosion (Glynn and Manzello, 2015).  For each reef platform there is a diverse collection of 
species which convert reef structures in rubble and sand.  Any organism which contributes to 
the weakening of reefs is termed a bioeroder.  Erosion from these organisms is recognised as 
an important process in reef development and maturity.  Bioeroders can be external (present 
and visible on reef surfaces) and internal (living within calcareous reef skeletons).  For 
example, a lithophagine bivalve is an internal bioeroder as it severely damages the skeletal 
integrity of a colony, while a parrot fish ingesting coral is an external bioeroder.    
 
Reef ecology is different on each platform, which leads to variation in dominant sediment 
producers across platforms (Perry et al., 2015).  On Vakkaru, an island in North 
Maalhosmadulu Atoll in the northern Maldives, the dominant sediment producers are 
parrotfish.  The remaining sediments are produced by Foraminifera, bivalves, gastropods and 
biogenic erosion. Sediments are primarly comprised of coral fragments, and range between 
coarse to fine sands.  There are also large proportions of Halimeda which contribute the larger 
gravel fractions in the sediment (Nichol and Kench, 2008).  The estimated sediment production 
for this platform was 685,000 kg, which provides large potential for island development.  Not 
all sediment produced is used for island building however.  Approximately 65% of Vakkaru 
platform acts as a sediment sink.   
 
Coral bleaching has lead to a decline in reef carbonate budgets globally (Perry et al., 2012; 
Perry and Morgan, 2017).  It is hypothesised that the deceleration of carbonate production 
impacts the capacity for reefs to maintain vertical growth under rising sea levels.  This also has 
implications for reef islands, as lower carbonate production is likely to also limit their accretion 
potential.  Carbonate production varies from platform to platform (Glynn and Ault, 2000), and 
the response of further bleaching events and rising sea levels in different tropical and sub-
tropical reefs is likely to differ.  The response of reef islands to these changes is also uncertain.  
This highlights the importance of understanding the model of reef island development to aquire 





2.4 Reef Island Formation 
 
Reef islands are the accumulation and sedimentation of biologically produced carbonate sand 
and gravels deposited on reef platforms within atolls (Beetham and Kench, 2014).  Globally, 
these islands are low-lying with a maximum elevation of less than five metres and are 
considered be vulnerable to the threat of rising sea level (Woodroffe and Murray-Wallace, 
2012).  Reef islands form on reef platforms within an atoll lagoon (Steers and Stoddart, 1977).   
According to the model of Kench et al. (2005) the growth of the reef is initially constrained to 
sedimentation on the central platform, but is superseded by rapid vertical and lateral island 
building approximately 5200 – 4000 yr B.P. The island develops as an unvegetated cay and 
eventually progresses into a vegetated island, although how the island develops between these 
two states is not mentioned in this model.  This model states that the remaining 4000 years B.P 
is a period of island stabilisation; the island core develops as the sediments lithify.  The 
implications of this interpretation of reef island building are that either the reef surface kept 
pace with sea level rise (which stabilised by 2000-year B.P) or that as sea level rose, the reef 
developed with a ‘catch-up’ growth mode.  Either interpretation implies that reef islands have 
kept pace with rising sea levels.  It is important to note that this model, or the models mentioned 
in the paper do not recognise the potential for sedimentation and island accretion from aeolian 
processes.  These models focus on geological time scales, but at a certain point, an island (a 
portion of land that protrudes above the maximum reach of over-wash) must emerge from the 
sea. This point, which occurs on a more contemporary timescale, has not been examined and 
this thesis examines the role of aeolian sedimentation in island formation.   
 
The time frame of reef island building in the Indo-Pacific regions has been the subject of 
several studies (Kench et al., 2005; McLean and Hosking, 1991; Steers and Stoddart, 1977).  
The close association between coral growth and sea level is commonly used to develop local 
histories of relative sea level as the reef growth record defines the minimum sea-level position 
(Kench et al., 2009).  Therefore, coring reefs and dating micro atolls can be used to define the 
age of reefs, and the sea levels tied to them (Kench et al., 2009).  The reefs in the Maldives are 
well suited to providing a history of reef development and sea-level rise as they are situated in 
the middle of the continental plate; the small sand islands are less affected by crustal rebound 
processes than atolls on continental margins (Gischler et al., 2008).  The prevailing model of 
Maldivian islands states that formation and development occurred during the mid to late 
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Holocene (Kench et al., 2005) (Figure 2.3).  The main period of vertical reef growth for the 
study islands was the mid-Holocene (Kench, et al., 2005).  From 5500 yr B.P to 4000 yr B.P, 
sedimentation became the dominant construction process.  Their study of several reef islands 
divided the subsurface facies into 4 distinct groups: reef, shallow lagoon (velu), unvegetated 
sand bank (finolhu), and island-margin facies and also determines in which temporal scales 
these groups experienced island building (Kench, McLean and Nichol, 2005).  Several islands 
in South Maalhosmadulu initially developed approximately 5000 years ago and have proven 
to be morphologically resilient (Kench et al., 2005).  There is evidence that these islands can 
keep pace with sea level rise, and even future climate change sea level scenarios under optimal 
growth conditions.  However, an increase in coral bleaching events from rising sea 
temperatures and ocean acidification hinders the ability of coral to respond to sea level rise.  
The response of reefs and islands to the predicted increase in extreme events is also unknown 
(Kench et al., 2005).   
Figure 2.3:  Kench, McLean and Nichol’s island evolution model.  The two mean sea level lines refer 
to the range of possible sea levels relative to the reef surface at the time of island initiation (Kench, 




A crucial part of the island forming process is the migration of sediment from the reef to the 
body of the island (Nichol and Kench, 2008).  Wave and current processes are the primary 
mechanisms which drive island development and propagate sediment transport across a reef 
platform (Beetham and Kench, 2014).  The morphological changes associated with these 
processes are on a much smaller scale (days, weeks, months) than the common geological scale 
of existing models of island development.  Beetham and Kench (2018) created a model of wave 
overtopping on reef islands, using over 60,000 unique simulations of wave transformations.  
Over-wash, or overtopping, results when storm surge, spring tides and low pressures coincide, 
although not all are required for an overtopping event to occur (Beetham and Kench, 2018).  
Wave runup provides a means for sediment to be transported above the mean sea level.  
However, their paper primarily deals with over-wash on rim islands, where the interaction 
between the incipient wave energy and reef morphology is different due to the exposed nature 
of rim islands.   
 
Beach rock is a hard sedimentary formation which is lithified through the precipitation of 
carbonate cements, and consists of various beach sediments (Vousdoukas et al., 2007).  They 
can be used as a record of historical shorelines.  The lithification of beach rock usually takes 
place in the intertidal zone so relict beach rock can be used as proxies for historic sea levels.  
Beach rock can act as an effective natural defence from coastal erosion for small islands and 
atolls and can ‘anchor’ various sedimentary structures such as bars and berms.  Once formed, 
beach rock ‘sets’ the minimum elevation of beach erosion.  In a dynamic environment where 
island morphologies are subject to rapid change and can migrate significantly in small windows 
of time, the erosion to the level of the beach rock can be detrimental to island form.  If beach 
rock is exposed to the offshore margin onshore sediment transport can be inhibited, which can 
lead to a sediment deficit.  Beach rock forms over 1000 to 5000 years and therefore forms on 
island which are already relatively stable (Chivas et al., 1986).  While forming on already 
stable islands, the presence of beach rock has been shown to mitigate beach erosion through 
the dissipation of wave energy.  However, when exposed on the modern shoreline it can be a 
vector for sediment loss offshore.  The presence of beach rock can indicate that a reef island 
has been stable for some time (Stoddart and Cann, 1965).   
 
Vegetation development leads to an increase in island stability but there are many stages, 
especially when early successional species are initially colonising where the process can be 
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disrupted (Stoddart, 1971).  Vegetation protects the island surface from wind and wave 
processes.  Loose sediments are stabilised and the surface roughness increases allowing 
sediment capture in vegetation.  Reef islands are morphologically dynamic features, and even 
after colonisation by early successional plants, over-wash, beach erosion and extreme events 
can displace vegetation.  As vegetation develops beyond early successional species, root 
binding and mechanical protection increases island stability.  However, reef islands are 
continually developing even when heavily forested (with stable cores) (Woodroffe, 2008).  
Hundreds of years of vegetation development can lead to stable island cores, but the margins 
of islands are continually exposed to marine processes.   
 
There are many factors that lead to the shaping of an island such as incident wave direction, 
wave size, tides, incident wind speed and direction and the morphology of the reef platform as 
well as placement of the reef island on the platform.  Reef island shapes vary considerably, 
although an elliptical almond is a common morphology (Woodroffe et al., 1999).  There is a 
seasonal component to island morphology in the Maldivian atolls (Betzler et al., 2009).  
Seasonal variations in incident wind and wave regimes (the Iruvai and Hulhangu monsoons) 
lead to distinct island morphologies (Kench et al., 2006).  Incident waves are the primary 
process that transports sands derived from the coral reef to the reef island and distinct wave 
characteristics in each monsoon lead to separate deposition patterns.  However, the seasonal 
morphological form of an island is also dependent on the position of a reef island within a 
lagoon (Gourlay, 1988).  For example, a lagoon island positioned in the lee of a rim island on 
the northeast of an atoll will be sheltered from the north-eastern monsoon.   
 
The location of a reef flat in a lagoon provides a control on the geomorphic development of an 
island (Gourlay, 1988; Kench and Brander 2006).  A reef flat may be sheltered by other forms 
in a lagoon or rim islands from incipient wave energy.  The development of an island could be 
delayed as a result of mechanical blocking of sediment transport processes from other islands.  
The shape of a coral platform determines the focal point of wave energy and where sediments 
will be deposited (Beetham and Kench, 2014).  While untested using empirical field 
observations, there are three assumptions that can be made on the formation of reef islands.  
First, reef island location and shape are controlled by reef platform shape. Second, the stability 
of an island and their shorelines is dependent on reef shape.  Third, the degree of shoreline 




2.5 Over-Wash on Reef Islands 
 
For reef islands to accrete there must be a supply of sediment.  Sediment which promotes island 
building is produced locally on the reef platform that an island resides on (Gischler, 2006).  
Wave over-wash has been generally considered to be the main process that transport sediment 
from the reef platform and lagoon to the island.  This section summaries the current 
understanding of over-wash in reef platforms, and the role it plays in island building.   
 
Over-wash, or overtopping, results when a combination of storm surge, spring tides, large swell 
waves and low pressures coincide, although not all are required for an overtopping event to 
occur (Beetham and Kench, 2018).  Over-wash is a vector to transport sediment from the 
lagoon to the beach and beyond (Chantal et al., 2006).  Geomorphic change of some rim and 
lagoon islands is strongly associated with the occurrence of violent storms (Bayliss-Smith, 
1988).  Over-wash which occurs during these storms provides a means for new sediment to 
contribute to the morphology of these islands.  Storms are not necessary for over-wash to occur, 
but storms may transport significant amounts of sediment due to the increase of energy in the 
hydrodynamic system.   
 
Tsunamis are rare, but effective agents for the deposition of a fresh sand sheet over a reef island 
(Kench et al., 2008).  Larger than usual waves that diminish in size over a period of time act 
as a vector for sediment to be transported above the active beach on a reef island.  It is estimated 
that there have been over 2000 tsunamis generated in the Indian and Pacific Oceans in the last 
four thousand years (Mörner and Dawson, 2011).  Tsunamis provide an opportunity for both 
island accretion and island erosion.  A study in the Maldivian Atoll of South Maalhosmadulu 
after the Sumatran tsunami in 2004 recorded sand sheet cover up to 17% of the area of the 11 
islands studied (Kench et al., 2008).  Some sheets extended 60 metres inland and were up to 
0.3 metres thick.  Tsunami’s promote sediment redistribution between the three sediment 
stores; the reef surface, active beach and the vegetated island core.  A concern of tsunami-
driven over-wash is that the reallocation of sediment on the island alters the seasonal 
morphology enough to cause instability.  The Maldives experiences a northeast and southwest 
monsoon which lead to distinct island morphologies (Gischler, 2006).  A tsunami over-wash 
may shift the sediments of an island outside of the seasonal equilibrium, which could lead to 
erosion.  The Sumatran tsunami did little to reduce the area of the studied Maldivian islands 
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but did leave an over-wash deposit.  However, the potential for these events to be preserved as 
identifiable tsunami signatures is not high; over time the tsunami deposit becomes 
indistinguishable from regular over-wash (Kench et al., 2008).    
 
The bathymetry of the reef platform surrounding an island can have an impact on the degree 
of over-wash from swell (Dilmen et al., 2018).  In some instances, particularly in communities 
which have little or no coastal protection, certain reefs can transform waves, so they have more 
destructive power and create more over-wash.  Fringing reefs and small embayments were 
observed to amplify near-shore energy and increase wave run-up during a tsunami in 2009, 
causing serious damage to Tutuilia in American Samoa (Roeber et al., 2010).  A similar 
observation was made by Fujima (2006) in the Maldives where the shape of a tsunami wave 
was transformed by the reef into a more destructive form.  The reef morphology controls how 
the wave breaks which can increase the wave run-up and over-wash.  This has been recorded 
more often during tsunami events.  Due to the natural barriers that rim islands provide, over-
wash events on reef islands in the interior of atolls are likely to be from spring tides etc. rather 
than tsunamis.   
 
2.6 Coral Island Sediment Regimes  
 
Coral islands rarely exceed elevations of 5 m above sea level, resulting in susceptibility to 
future sea level rise (Perry et al., 2013).  Their topography and sediment-dominated structures 
result in specific vulnerability to climate change, making it crucial to understand the 
characteristics of the sediments within coral cay islands (Perry et al., 2013).  This section will 
summarise the sediment regimes across reef platforms and identify patterns that are common 
across various studies.   
 
Reef islands rely on the surrounding coral reefs for potential sediment accumulation as they 
provide the foundation for island development and are the primary source for the sediments 
that propagate island development and maintenance (Perry et al., 2015).  There are distinct 
interregional and intraregional variations of reef island sediment elements; in some settings, 
benthic foraminifera (single celled organisms) are dominant, while in others coral and 
macroalgae such as Halimeda are the primary constituents (Perry et al., 2011).  The production 
of sediment can evolve as reef systems around islands alter, or as the reef system matures 
 
 37 
(Kench et al., 2005).  In general, there is a lack of understanding of how the sediment 
production zones of reefs interact with reef islands.  This is in part due to the large variation of 
reef islands such as size, orientation on reef platform, sediment constituents (Perry et al., 2011). 
Perry et al. (2015) studied the origin of the sediment on Vakkaru, an island in northern 
Maldives.  Islands in the Maldives are composed primarily of calcareous sediments from the 
remains of reefal organisms, but also contain Halimeda Foraminifera and other biogenic 
particles.  The texture, composition and degree of lithification of these sediments differ from 
island to island, and the processes and environments which produce sediments are not yet 
comprehensively understood. On Vakkaru, 86.3% of sediment on the outer reef flat and 81.6% 
of the inner reef flat was produced by parrotfish, while the rates of sediment production from 
foraminifera, bivalves and gastropods were negligible (Perry et al., 2015).  Between the reef 
and the island there were subtle differences in the characterisation of the sediments.   Sediments 
from the outer and inner reef flats are compositionally similar and comprise of poorly sorted, 
medium- to coarse-grained (1.0 – 1.7 ϕ) sands (Perry et al., 2015).  It should be noted that this 
study is not representative of all reef island sediment regimes as there are many localised 
factors that can alter the composition of sediments.  Kench (2012) studied the sediment regimes 
across ten islands in Baa atoll in the northern Maldives.  The mean grain size across these 
islands was 1.4 phi but it ranged between 0.7 to 2.0 phi (0.6mm to 0.25mm).  The composition 
of the sediment is dominated by coral, but there were several islands which had significant 
Halimeda components (Kench, 2012).   
 
The mean grain size variation across lagoons and reef islands in the Maldives have been the 
subject of several studies (Nichol and Kench, 2008; Semprucci et al., 2011; Morgan, 2014; and 
Perry et al., 2015).  Due to the variation in island form and study techniques, not every study 
has measurements from every area within the reef.  The mean grain sizes of island surfaces 
were primarily between 1 – 2 ϕ, which is medium sand in the Wentworth sediment 
classification.  Sediments taken from the lagoons and subtidal locations were coarser (some as 
coarse as 0.7 ϕ).  The gradient of coarse to fine sediments from lagoon to island surface was 





2.7 Reef Island Classification 
 
Due to the many stages of reef island development the classification of reef islands has been a 
previous focus of research.  ‘High Islands’ are formed from elevated reef limestones or non-
limestone rocks, while ‘low islands’ are formed by the accumulation of debris originating from 
reef organisms (Steers and Stoddart, 1977).  There is a large amount of variety within the 
location, size, orientation, topology and vegetation of ‘low islands’ but they have been studied 
since the late 1920’s (Steers and Stoddart, 1977).  Within atolls there are several morphologies 
of islands that can be found, and they have undergone a history of classification.  An initial 
classification of reef sediment accumulation found on the Queensland coast by Spender (1930) 
proposed five orderings:  
 
Class I – Reefs where debris is scattered across the surface without forming a cay or   
rampart 
 Class II – Reefs where a sand cay is present, but no rampart. 
 Class III – Reefs with a sand cay and rampart, but no vegetation present 
Class IV – Reefs with a sand cay and ramparts, where the ramparts are vegetated but 
there is no distinct vegetation on the flat 
 Class V – Reefs with a sand cay, vegetated rampart and mangrove swamp on the flat 
 
Spender’s classes III, IV and V are geomorphically identical - the differences depend on the 
nature of vegetation cover.  Further, at the time of his study there were no know examples of 
class IV and only two examples of class III.  A simplified mode of Spencer’s scheme is: 
 
I. Reefs without islands 
II. Reefs with a simple sand cay 
III. Reefs with a low wooded island in various stages of vegetation development 
 
Before Stoddart’s model, Fairbridge (1950) created a more complete characterisation of reef 





 Type 1 – Sand cay, unvegetated.  Commonly unstable and migrating seasonally 
 Type 2 – Sand cay, vegetated.  Moderately stabilised, generally with beach rock 
 Type 3 – Shingle cay, with or without vegetation.  Moderately stabilised.  
 Type 4 – Sand cay with shingle ramparts (beach ridges).  Varying degrees of vegetation 
 Type 5 – Island with exposed platform of older, emerged coral-reef material 
 
However, Fairbridge’s and Spender’s classification schemes were developed in the Australian 
reef context which comprise of barrier and patch reefs; they do not sufficiently consider the 
character of Indo-Pacific atoll islands.  Stoddart and Steers (1977) use an island classification 
of seven categories, where morphology and sediment character are the main criteria and 
vegetation cover is a secondary factor: 
 
A. Sand cay, unvegetated or vegetated 
B. Sand cay with shingle ridges, generally vegetated 
C. Shingle cay, unvegetated or vegetated 
D. Mangrove cay, with or without low dry-land areas 
E. Mangrove cay with windward sand ridge 
F. Low wooded island 
G. Emerged reef-limestone island 
There is a wide range of reef island classifications that can be used, but all provide options 
which include forms which are not present in Huvadhoo lagoon.  A simplified categorisation 
will be used to fit the aims of this study.  The categorisation will be explained in Chapter 3.   
 
2.8 Aeolian Processes 
 
Wave processes transport and deposit sediments across a reef flat to a nodal depocenter 
(Mandlier and Kench, 2012).  However, we know little about the processes that give rise to 
continued sand cay accretion above the limit of over-wash.  This research examines the 
potential for aeolian sedimentation to contribute to island accretion.  Aeolian sediment 
transport across a surface occurs widely on sandy coasts, and is dependent on several factors 
including wind stress, moisture of surface, grain size and available sediment supply (Bauer et 
al., 2009).  However, these processes have never before been documented on equatorial sand 




Aeolian sedimentation can be observed as it occurs, but it also forms facies which can be used 
to characterise the depositional processes.  In many regions aeolian erosion is the dominant 
landscape process (Nickling and Wolfe, 1994).  While it has not been recognised as a dominant 
process in reef island environments, aeolian forms have been reported within the Indian Ocean 
at a range of latitudes (7°S - 25°S) such as the Glorioso Islands (Bayne et al., 1970); Tromelin 
Island (Marriner et al., 2010); Diego Garcia in the Chagos Group (Stoddart and Taylor, 1971); 
and the Cocos (Keeling) Islands (Woodroffe and McLean, 1994), but never in the Maldives.  
The forms observed on these islands are dunes, but smaller aeolian features, such as ripples, 
provide direct evidence of aeolian sedimentation.   
 
The surface of a reef island above the level of high spring tide may provide an optimal setting 
for aeolian sediment transport.  Moisture plays a significant role in inhibiting aeolian 
sedimentation (Bauer et al., 2009).  The rate of aeolian sedimentation typically decreases in 
with increasing moisture and increase with surface drying.  Islands that lie above the upper 
reach of marine processes have the potential for aeolian sedimentation, and this potential is 
increased with the higher likelihood of the surface being dry.  Aeolian sedimentation transports 
finer sediments than wave processes (Sherman and Lyons, 1994).  As stated earlier, a gradient 
from coarse to fine sediments through a reef lagoon to an island surface is observed in various 
Maldives lagoons (Perry et al., 2015).  Relatively fine sediments above spring high tide on reef 
islands provide an opportunity for aeolian sedimentation, and it is hypothesised that these sands 
can be identified to be of an aeolian deposition from their (presumably finer) grain size.   
 
The presence of aeolian landforms and bedforms provides direct evidence of aeolian processes; 
although the quantities of sand transported may still be small.  Nabkha are isolated dunes 
formed by aeolian sand deposition within a plant or clump of vegetation (Hesp and McLachlan, 
2000).  Nabkha form where vegetation retards flow and sand is deposited.  Vegetation exerts a 
drag force on wind that significantly affects the air-surface interaction (Lv et al., 2014).  
Nabkha were once thought to be ephemeral features that formed during landscape degradation; 
however, they are now understood to be longer-term structures (Langford, 2000).  In some 
cases, nabkha can develop into dunes with multiple vegetation species and can grow to a height 
greater than 10 m (Hesp and Smyth, 2017), although in an equatorial reef setting such elevation 
would be most unlikely. Vegetation is associated with reef island stability (Stoddart and Steers, 
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1977), and nabkha may play an important role in binding reef island surfaces and promoting 
accretion.   
 
A characteristic feature of a nabkha is a shadow dune which forms downwind from the host 
vegetation (Hesp and Smyth, 2017).  Shadow dunes can also form within the lee of debris and 
are not exclusively related to nabkha.  They are a result of sediment accumulation in the lee of 
the vegetation or debris (Nickling and Wolfe, 1994).  Shadow dunes are typically teardrop 
shaped with their widest point being to the vegetation. The tail tapers away in the orientation 
of the most recent prevailing wind capable of sediment transport, so shadow dunes vary 
spatially in locations where there are multiple incipient winds (Hesp, 1981).    
 
In this research it is assumed that any sediment that lies above spring high tide may be 
transported by the wind.  Evidence of aeolian landforms has been observed in tropical reef 
environments, but never in an equatorial setting.  The significance of aeolian activity to reef 
island accretion and stability is currently unknown, but observations of nabkha in the study 




Atolls and coral environments are among the Earth’s most biologically diverse systems and 
hold high ecological value.  The processes which form and shape these areas have been 
observed and researched since Darwin, but how sand cays emerge above the reach of high tides 
and then accrete is not understood.  Atoll nations are limited by land area, and how they respond 
to sea level rise and anthropogenically forced climate change is unknown.  To understand how 
these areas will respond it is important to understand how they form.  The late-Holocene 
models of reef island development are well advanced, but the contribution of aeolian 
sedimentation to island formation has not been considered.   
 
Aeolian landforms have been reported in low latitudes in atoll settings, but never in the 
Maldives.  Further, there have never been high-frequency observations of wind or aeolian 
sedimentation in this region.  Nor has the significance of aeolian sedimentation been considered 
in the reef island development model, despite the potential for aeolian sedimentation on the 
surface of these islands.  This research aims to further the understanding of reef island 
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development, particularly the significance that aeolian sedimentation has in an equatorial 








3. Island Classification and 






Lagoon islands in the Maldives have small lateral extent and have a mean elevation less than 
1 metre above mean sea level (Mörner et al., 2004).  A reef island may develop through distinct 
stages of development before the stabilisation.  Several factors may control island 
development, but arguably the key process in the stabilisation of an island is the development 
of vegetation (Stoddart and Steers, 1977).  Huvadhoo Atoll provides a wide range of reef 
islands at different development stages, which provides an opportunity to identify and describe 
these stages.  Tropical environments are characterised by rapid island development, which can 
be difficult to follow (Chauvaud et al., 1998).  The wide range of islands along different 
developmental stages in Huvadhoo allow for a comprehensive study into the nature of these 
islands.  The aim is to identify and describe the different morphological forms that exist within 
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Huvadhoo lagoon.  This will be achieved using 20 years of satellite and aerial images as well 
as images captured with a UAV in early 2017 and 2018.   
 
Reef islands form on coral platforms that develop over hundreds to thousands of years 
(Stoddart et al., 1978: Aston, 1995; Kench et al., 2006).  The coral and cays described in the 
current chapter have developed over much smaller time scales – years to decades.  Coral cays 
can significantly change position on a coral platform before vegetation develops.  The reef 
platform provides sediment for any potential island that may be develop on the platform 
(Woodroffe, 2008).  The initial development of an island is controlled by wave and current 
processes which directs sediment deposits, sourced from the reef platform, to a nodal 
depocenter (Biribo and Woodroffe, 2013).  There are many processes which act on these 
islands and play a role in their stability.  The stability of an island margins increases once early 
successional vegetation establishes on an island; however, this does not in itself mean an island 
will remain stationary (Stoddart and Steers, 1977).   
 
The development of well-established reef islands, which can be hundreds to thousands of years 
old, are the subject of various studies (Kench and Brander, 2006; Kench et al., 2012; Biribo 
and Woodroffe, 2013).  In atoll nations reef islands have high population densities (Webb and 
Kench, 2010).  The response of these low-lying islands to climate change impacts such as rising 
sea levels, changing weather, wave and current regimes, cyclone frequency and intensity, and 
coral reef sediment production are all uncertain.  The morphological forms focused on in this 
chapter are generally too small or dynamic to support habitation, but at some point, they must 
develop from a morphologically unstable island to one that can be inhabited. This transition 
has not been researched. Sand cays with early successional vegetation cover are more dynamic, 
but they are still an important step in the island forming process.  It is important to study these 
forms, and their relationship with each other, as their response to future climate-change 
feedbacks is unknown.  Understanding the contemporary forms will be helpful in 
understanding how they respond to future climates.   
 
This chapter will introduce the regional setting of the research.  It will then describe the four-
sand cay and island morphologies found in Huvadhoo lagoon.  These dynamics of these forms 
will be described using satellite images from Google Earth.  The response and stability of the 






The location of islands in Huvadhoo Atoll lagoon was determined using Google Earth Pro.  
The four types are; (i) patch reefs; (ii) patch reefs with ephemeral sand deposits covered at 
spring high tide (referred to as ephemeral deposits); (iii) sand cays on patch reefs with early 
successional vegetation; and (iv) forested islands with late successional vegetation.  Google 
Earth provided images from 1999 to 2016, so where possible a maximum of 19 years of 
morphological development was analysed.  A full visual record of a form was not always 
possible due to occasional cloud cover, or poor imagery.  There is evidence of sand cays 
emerging in this period.  The aim was to determine the dynamic nature of the four forms over 
this period.  The four forms represent a progression from no form to the eventual transition into 
a stable and fully vegetated island.  The availability and supply of historical images varied.   
Some islands had seven images from 1999 to 2016, while others only had one suitable image 
on this time scale.  Image quality and cloud cover determined whether an image could be used 
for analysis.  Image quality improved over time, but cloud cover could not be avoided.  The 
rim islands of Huvadhoo Atoll were not included in this study. 
 
Images of Maaodegalaa were captured using a Phantom 3 Advanced UAV in January 2017 and 
2018.  Both sets of images were used to create orthomosaic images of the island using Pix 4D, 
an image processing software.  These images were georeferenced, then used in conjunction 
with those from Google Earth Pro to analyse the temporal variation of the primary study site.  
The orthomosaic created had a much higher resolution (0.05m) than the Google Earth images 
(as much as 0.5m).  Sand cay and islands development can happen on the scale of tens of 




3.3.1 Island forms of Huvadhoo 
 
Within the atoll there are four island forms: (i) patch reefs with no sand accumulations (Figure 
3.1a); (ii) patch reefs with ephemeral sand deposits covered at spring high tide (referred to as 
ephemeral deposits) (Figure 3.1b); (iii) sand cays on patch reefs with early successional 
vegetation (Figure 3.1c); and (iv) forested islands with late successional vegetation (Figure 
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3.1d).  An abrupt break in slope marks the transition between the active beach of each island 
form and the reef substrate (Kench and Brander, 2006).  This could be observed from the aerial 
images and was used to help determine the form of island within the lagoon.   
 
3.3.2 Type (i) Forms 
 
There are 96 Type (i) forms in the lagoon of Huvadhoo.  These patch reefs are characterised 
by an abrupt rise of coral from the lagoon floor (60 - 80m below sea level) to the raised platform 
which is covered or mostly covered at low tide.  In the case of a ‘faro’, the raised platform has 
a central depression, often forming a donut-like shape.  The patch reefs and faros are easily 
B A 
C D 
Figure 3.1: The four morphological forms found within Huvadhoo lagoon; a) Type (i) patch reef; b) Type (ii) 
ephemeral deposit; c) Type (iii) island colonised by early successional vegetation and; d) Type (iv) heavily forested 
coral island.   
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distinguishable.  The coral edge of the patch reef forms a distinctive colouring making them 
easily distinguishable from the deeper lagoon water.  Donut-shaped faros can be identified in 
a similar fashion, but the depression in the lagoon of a faro is characterised by deeper and 
darker water.   
 
Patch reefs and faros are isolated from other reefs (Schroeder and Parrish, 2006).  The processes 
which form these structures take place over thousands of years, and as such the reefs 
themselves are stationary (Kayanne et al., 2002).  The current model of the development of 
Indian and Western Pacific reef flats is associated with Holocene sea-level change (Carter and 
Woodroffe, 1997; Yamano et al., 2001).  Sea level reached its present position 6000 yr BP, 
and the reef crest caught up with the sea level 4000 yr BP.  The model states that the current 
backreef structure of the reef flat (including islands) are formed after that.  The relatively 
uniform reef platform is infilled as the reef crest dissipates ocean swells and provides a calm 
environment for sediment accumulation (Yamano et al., 2001).   
 
Patch reefs In Huvadhoo lagoon display a variety of shapes and dimensions.   The smallest of 
the 96 Type (i) forms in Huvadhoo lagoon is 70 m by 50 m, and the largest form is 1500 m by 
1150 m.  The Type (i) forms are the only structures which are distributed evenly throughout 
the lagoon.  There was no clustering of Type (i) forms, nor was there a dominant form or size.  
 
3.3.3 Type (ii) Forms 
 
After enough sediment accumulation, Type (i) forms develop ephemeral sand deposits.  This 
transformation can be difficult to track and can seem to appear rapidly, when the processes 
creating them have actually occurred over months or years.   Type (ii) forms are reef flats 
containing a sand cay which is over-washed during the highest tides. There are 16 Type (ii) 
sand cays in Huvadhoo lagoon.  These islands can be submerged at spring high tide, so they 
sometimes appear as submerged sand bars in the imagery.  Type (ii) forms are never vegetated, 
since vegetation is unable to establish on surfaces subject to frequent over-wash.  However, it 
was noted when visiting Daaodagalaa that there was a lot of wrack and debris on the surface.  
To qualify as a Type (ii) form the sediment deposit had to appear subaerial in at least one 
Google Earth image.  Type (ii) are developed from the focusing and deposition of sediments 
on a reef platform from incipient waves.  These sediments are sourced from the patch reef that 
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the structure lies on.  The size of the patch reef determines the potential sediment supply, a 
larger patch reef provides more sediment.   
 
The emergence of Type (ii) forms can occur rapidly - over a matter of months.  The size, shape 
and position of a Type (ii) sand cay can also develop significantly over the course of a few 
months.  The form at 0°25'40.02"N, 73° 2'39.97"E displays the rapid development that these 
deposits undergo (Figure 3.2).  The deposit of sediment below the surface can be seen in the 
2005 image when it is still a type (i) form, but during 2006 it developed into a Type (ii) deposit.  
In less than two years the depocenter of the form moved 100 meters to the south east.  
Development on this scale is common with Type (ii) forms in Huvadhoo Atoll.  For some Type 
(ii) forms the development is an incomplete story due to the irregular intervals between aerial 





Figure 3.2: The development of a Type (i) form into a Type (ii) ephemeral deposit.  Ephemeral 
deposits can exhibit high variation in position on reef platform and shape.    
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There is a high degree of variation in the location of Type (ii) forms on the reef platform they 
lay on.  Of the 16 sand cays, only one remained stable for a significant period across the 18 
years of available images.  The notable period of stability was 2006 - 2011 years for the Type 
(ii) form located in Western Huvadhoo lagoon (0°37'4.09"N, 73°11'42.29"E).  During this 
period, the island was 150 meters long and 20 meters wide, a narrow island.  There was no 
trend in shape, orientation, or size common across the 16 Type (ii) forms in Huvadhoo lagoon.   
Daaodagalaa was the only Type (ii) form that was visited (Figure 3.3).  Historically, 
Daaodagalaa is a highly variable Type (ii) form.  In 2006 it was an oval deposit 130 meters by 
100 meters and in 2014 it was an irregular, narrow ephemeral deposit 110 meters long and 40 
meters wide at its widest point.  In 2015 the sediment that made up previous forms of the 
deposit could be seen on the reef platform beneath the water surface.  Daaodagalaa was visited 
in February 2018 when the deposit was hook shaped and approximately 40 meters by 70 
meters.  It was visited close to high tide and over-wash waves were consistently inundating the 
island.  There was no clear wrack line, the surface of Daaodagalaa was scattered in debris 
indicating regular over-wash.    
 
Figure 3.3: The entirety of Daaodagalaa on 4th February 2018.  Note the bands of coarse sediments 
from over-wash in the foreground.  Mahutigalaa, a Type (iv) island, lies in the left background.   
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3.3.4 Type (iii) Forms 
 
Type (iii) forms are emergent sand cays colonised by early successional vegetation.  There 
were six Type (iii) islands in Huvadhoo lagoon.  The Type (iii) islands are easily 
distinguishable on Google Earth due to the distinct cover of Cyperus congolmeratus and 
Scaevola taccada.  Type (iii) islands have a more stable planform than Type (ii) forms.  A Type 
(iii) was categorised as such if any early successional vegetation was visible.  Type (iii) island 
forms were the least numerous in the Huvadhoo lagoon.  There were examples of Type (i) 
forms developing into Type (ii) forms, and Type (ii) forms developing into Type (iii) forms 
during the period of available images, but there were no examples of Type (iii) islands 
developing into Type (iv).   
 
Type (iii) islands are more stable than Type (ii) forms.  Two of the six islands were established 
by early successional vegetation during the entire period of available images.  These two 
islands had stable vegetated depocenters during this period.  The margins of the islands were 
dynamic, but the core shape, orientation and position on the reef platform remained the same.  
The remaining Type (iii) islands were colonised by early successional vegetation within the 
last 15 years.  Once vegetation had established the islands showed increased stability.  The 
location on the island where the vegetation established was the most stable section of the 
islands, while the margins remained dynamic (Figure 3.4b).  
 
The vegetation cover on a Type (iii) island was not always sustained.  Two islands have been 
colonised by vegetation, but the vegetated area was later eroded and later re-established.  The 
first island had an established cover of Scaevola in 2008, but three years later, in 2011, Scaevola 
had been completely replaced by Cyperus seedlings (Figure 3.4a).  By 2016 Scaevola had again 
established.  During the vegetation cycles the depocenter of the island remained stable, but the 
shape of the island gradually transformed from an almond to a hook shaped form.  The second 
island had a vigorous Scaevola cover in 2008 (Figure 3.4b), however only a third of this 
Scaevola remained in 2011 after shoreline movements.  The island went through significant 
morphological development between 2011 and 2016, while retaining a small patch of Scaevola.  
The stability of this section of the island is likely related to the presence of an outcrop of beach 




Maaodegalaa was the only Type (iii) island visited in this study.  Google Earth provided seven 
images of Maaodegalaa dating from 2006 to 2016.  The last fifteen years of morphological 
development for Maaodegalaa was well documented.  In 2006 Maaodegalaa was a Type (ii) 
form and was colonised by early successional vegetation by 2011.  Using images from Google 
Figure 3.4: Type (iii) islands in Huvadhoo lagoon that have lost vegetation cover.  a) is located at 
0°49'35.79"N, 73°15'7.92"E.  b) is located at 0°42'21.34"N, 73°19'50.93"E.  Note the beach rock located 
on the south coast of the island which acts as an ‘anchor’ and fixes the position of the beach. 
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Earth and the orthomosaic from 2018, the development of the vegetation was able to be tracked 
(Figure 3.5).  The margins of the island have slowly stabilised over the last eight years, and 
while the vegetated depocenter of the island has shifted it appears to have stabilised since 2014.  
In 2010 there was dense Scaevola cover, but between 2010 and 2014 the vegetation of the 
island shifted to the south-east.  Since 2014 the position of vegetation has been slowly 
expanded outwards.  A group of vigorous Cyperus seedlings established on the eastern terrace 
of the island between 2016 and 2018, presumably following an over-wash event.   
 
3.3.5 Type (iv) Forms 
 
There are 41 Type (iv) islands within Huvadhoo lagoon.  These islands have established forests 
of native and cultivated species and stable cores.  An island was identified as a Type (iv) if 
plantations of Cocos nucifera, or native forests of Pisonia grandis and Calophyllum inophyllum 
were visible.  The islands were easily distinguished on Google Earth from the dense vegetation 
cover, characteristic forest canopy species, and stable cores.  These islands still exhibit dynamic 
margins with progradational features and eroding shorelines (also observed in Aslam and 
Kench, 2017).  Type (iv) are the most stable forms within Huvadhoo lagoon, and while they 
can have dynamic margins the cores of the islands are highly stable.  Some of the islands are 
hundreds of years old and have been stable for long periods of time.  None of the Type (iv) 
islands in Huvadhoo lagoon enlarged significantly in the 19 years of available images.  There 
were no instances of Type (iii) islands developing into Type (iv) islands in the lagoon. 
Figure 3.5: Comparison of vegetation cover and depocenter migration of Maaodegalaa from 2006 to 2018.  
Images from 2006 – 2016 provided by Google Earth.  2018 orthomosaic was created using images captured 




Mahutigalaa, a Type (iv) island, was visited on the 3rd of February 2018 (Figure 3.6).  The 
island has a core vegetated with multiple species, but the shoreline has experienced significant 
change over its brief documented history.  The beach has taken many forms, in 2014 it only 
existed on the south coast through to the west coast extending up to 100 meters from the 
vegetation line, to eventually primarily occupying the north and east coasts in 2016, up to 65 
meters from the vegetation line.  There is clearly a large amount of sediment in the system that 
has continuously been shifted around the island, but the margins of the island have never eroded 







Figure 3.6: Type (iv) island Mahutigalaa captured from the south.  Image taken during fieldwork 
completed in June 2019. The western side of the island has eroded in recent years, indicted in this image 






These four types of sand cay represent four distinct stages in the development of a coral island 
in Huvadhoo lagoon.  The development of Type (ii) and Type (iii) occurred over temporal 
scales of months to years, while the development of Type (i) and Type (iv) forms took place 
over much longer periods.  This section will discuss the transformation and relationship 
between each morphological form.   
 
Type (i) forms developed over thousands of years of sea level rise and fall and coral 
development (Stoddart and Steers, 1977).  These structures were formed by sea levels rising 
tens of meters in the late Holocene at a rate that coral reefs could keep up with.  The structures 
themselves provide a platform that enables the next phase of island development to occur.  The 
deposition and transport of sediments across a Type (i) form is controlled by wave and current 
processes (Perry et al., 2011).  Biogenically derived calcareous sediments collect on the surface 
of the reef flat and are shifted about by incident waves until they develop into Type (ii) forms, 
which protrude above the water during all but spring high tides.  These wave processes continue 
to alter the morphology of the forms until they are colonised by plants and transition into higher 
island forms or are destroyed.  The processes that act on these forms are constant, and 
morphology of a sand cay or island can be significantly changed on a daily scale.   
 
Type (ii) forms are unstable features that, once developed, may migrate around the reef 
platform.  The shape, orientation and position on a reef flat are highly active, and the Type (ii) 
forms are morphologically dynamic.  These forms were initiated by deposition of sediments 
on a reef platform from incipient wave energy (Perry et al., 2011).  Once early successional 
vegetation colonised a cay, it significantly increases cay stability through rising the elevation 
of the form but does not provide complete protection from erosion.  For a form to develop from 
a Type (ii) to a Type (iii), two factors must occur: 1) early successional plants must establish 
on the cay; and 2) over-wash must not displace the vegetation during a critical phase of plant 
colonisation. 
 
The stability of an island appears to be significantly enhanced once vegetation has established 
(Stoddart and Steers, 1977).  Vegetation growth is one of the most morphologically important 
processes for island stability.  It directly protects the island surface from wind and wave 
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processes by stabilising loose sediments on the island surface (Stoddart, 1971).  Type (iii) 
forms were colonised by early successional shrubs and sedges, which provided some protection 
from erosive wave processes but there will still periods of instability on some islands (between 
2008 and 2011 for the Type (iii) form at 0°49'35.79"N, 73°15'7.92"E and from 2008 to 2016 
for the island at 0°42'21.34"N, 73°19'50.93"E).  As vegetation develops beyond early 
successional species, the root binding and fixing of the surface sediments becomes more 
effective.  This leads to greater island stabilisation as the vegetation cover develops.  This was 
observed within Huvadhoo lagoon between the Type (iii) and Type (iv) islands.  The Type (iv) 
islands are older with complex plant communities, including high canopy species.  The 
unvegetated margins of Type (iv) islands are active, but the vegetated cores are stable.  This 
was not mirrored in Type (iii) islands, where early successional vegetation did not always 
provide protection from erosion.  Once vegetation had colonised beyond the early successional 
stage and forest started to develop, the islands were permanent fixtures.  The margins of all 
forms are continually developing, even heavily forested reef islands which have been stable 
for hundreds of years (Woodroffe, 2008).  Reef islands are morphologically dynamic features 
which change their position on reef platforms at a range of time scales, but more commonly 
during early stages of development (Webb and Kench, 2010). 
 
Beach rock aided the stability of Type (iii) islands in the Huvadhoo lagoon.  Beach rock is a 
hard coastal sedimentary formation consisting of beach sediments lithified through the 
precipitation of carbonate cements (Stoddart and Cann, 1965).  Beach rock occurs on tropical, 
sub-tropical and temperate latitude coasts.  The lithification of the sediments usually take place 
in the intertidal zone and beach rock, which allows beach rock to be used to date previous 
shorelines (Vousdoukas et al., 2007).  The presence of beach rock affects the morphology of a 
coastline by ‘anchoring’ it in place.  It can also armour the coastline from hydrodynamic 
processes which erode the beach.  The beach rock from the Type (iii) island located at 
0°42'21.34"N, 73°19'50.93"E aided in the stability of the island.  Between 2008 and 2011 an 
event removed two thirds of the vegetation cover on the island, but the vegetation closest to 
the beach rock remained.  The following developments in the morphology of the island were 
anchored by the beach rock.  Beach rock was not a common occurrence; it was only found on 
one Type (iii) island and did not occur on any Type (ii) deposits.  Vegetation is a crucial step 




There is a seasonal component to the developing morphology of reef cays and islands (Betzler 
et al., 2009).  The Iruvai and Hulhangu monsoons have distinct wind and current regimes which 
may affect island development (Kench et al., 2006).  In Maalhosamadulu Atoll there were 
distinct wave characteristics with each monsoon.  In the western monsoon wave energy was 
three to five times larger than the north-east monsoon.  The islands oscillated between distinct 
seasonal forms.  Maalhosamadulu Atoll is 500 kilometres north of Huvadhoo and the 
conditions of each monsoon are not identical between the two.  However, as there are distinct 
characteristics between the monsoons it can be assumed that the seasonal island forms also 
occur in Huvadhoo Atoll.  Due to the irregular capture of satellite images from Google Earth, 
they could not be provided on a regular basis.  Therefore, the seasonal island forms for 
Huvadhoo could not be identified.  There may be a season where form (ii) and form (iii) 
deposits are more susceptible to incipient waves and currents.  This would also depend on the 
position of an island in the lagoon, as rim islands can provide shelter, and the position of an 
island on a reef platform, the shape of which determine where incipient waves will direct their 
energy (Gourlay, 1988).   
 
Wave and current processes are the primary mechanisms which drive island development, but 
these are not the only processes which have an effect island development (Kench and Brander, 
2006).  The location of a reef flat in a lagoon provides a control on the geomorphic development 
of an island (Gourlay, 1988; Kench and Brander 2006).  A reef flat may be sheltered by other 
forms in a lagoon or rim islands from incipient wave energy.  In this instance, the development 
of an island could be delayed from mechanical blocking of sediment transport processes from 
other islands.  The shape of a coral platform determines the focal point of wave energy and 
where sediments will be deposited.  While untested using empirical field observations, there 
are three assumptions that can be made on the formation of reef islands.  First, reef island 
location and shape are controlled by reef platform shape. Second, the stability of an island and 
their shorelines is dependent on reef shape.  Third, the degree of shoreline change must vary 
depending on the reef platform shape.  There is an opportunity for further study in this area of 








Huvadhoo lagoon hosts examples of four distinct phases of island development.  Type (i) and 
Type (iv) forms are the most numerous (91 and 46, respectively), with only 16 Type (ii) and 6 
Type (iii) forms in the lagoon.  These four forms are different stages of coral island 
development, and Type (ii) forms are more common to emerge.  Once early successional 
vegetation established on a morphological form the stability of the island increased.  Despite 
vegetation, Type (iii) islands still eroded, and there were examples of depocenters of Type (iii) 
islands shifting.  The emergence of type (ii) forms, and subsequent colonisation of vegetation 
transforming a Type (ii) into a Type (iii) was observed during the 19 years of available images.  
The processes which form and develop these islands act over temporal scale of days or months.  
For a Type (iii) island to develop into a Type (iv) it needs possibly hundreds of years of 
vegetation colonisation and island armouring to stabilise.  Beach rock provides additional 
stability on islands through fixing the shoreline and armouring the beach.  Beach rock was only 
recorded on one of the Type (ii) and (iii) forms.  It forms in historical intertidal zones, so an 
island has to have formed and attained a measure of stability before beach rock can form.  This 
explains the low occurrence of beach rock in the lagoon. 
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To date aeolian sedimentation has not been included in contemporary models of island 
development. Aeolian forms have been reported within the Indian Ocean at a range of latitudes 
(7°S - 25°S) such as the Glorioso Islands (Bayne et al., 1970); Tromelin Island (Marriner et 
al., 2010); Diego Garcia in the Chagos Group (Stoddart and Taylor, 1971); and the Cocos 
(Keeling) Islands (Woodroffe and McLean, 1994).  While aeolian sedimentation has been 
shown to contribute to the topography of islands in atoll settings at higher latitudes, this is the 
first research that will makes high-frequency measurements of aeolian sedimentation on a reef 
island close to the equator.  This chapter will report the findings of aeolian experiments in 
varying conditions during the Iruvai (northeast) monsoon on Maaodegalaa in Huvadhoo Atoll 
in the Maldives.  Sonic anemometers, WenglorTM particle counters and sand traps were 




This research also aims to further understand the interaction of island morphologies with 
seasonal changes in wave and wind processes.  During the Iruvai and Hulhangu monsoons the 
incident wind and wave conditions are very different; Iruvai is the east-northeast monsoon and 
Hulhangu is the southwest and stronger monsoon (Hilton et al., 2019).  There may be a seasonal 
period where aeolian island accretion is dominant, or it could be a process that occurs year-
round.  This research aims to garner a greater understanding of the dynamics surrounding 




The observations and measurements of aeolian sedimentation on Maaodegalaa took place over 
an 8-day period in January and February 2018.  Changes in island morphology were studied 
over a 12-month period (January 2017 – February 2018).  They took place during the north-
east Iruvai monsoon characterised by an average windspeed of 2.45 ms-1 from 045° - 090°.  
Maaodegalaa had been visited previously in February 2017 but there was no information on 
the textural characteristics of Maaodegalaa sediments.  Sea level was recorded continuously 
during the fieldwork using an RBR Duet pressure transducer fixed to a coral colony 80 m 
northeast of Maaodegalaa.  Measures of sea level allow the maximum wave run-up and the 
spring high tide to be related to a datum.  This allows the contemporary sea level to be 
compared with previous island surfaces when analysing the stratigraphy.     
 
Observations of incident and near-surface wind flow and sedimentation were made between 
27th January and 4th February 2018.  To capture a range of morphologies and vegetation covers 
experiments took place at two locations on Maaodegalaa (Figures 4.1 and 4.2).  A 5.5 m mast 
was erected to measure incident wind flow on the eastern terrace of the island.  The mast 
supported three anemometers at 0.05 m, 0.50 m and 5.53 m.  The anemometers were placed at 
these heights to capture the velocity profile.  The heights were calculated using a logarithmic 
velocity profile calculator (provided by Bauer, 2017).  The highest anemometer was located 
above the boundary layer.  Each experiment site used the mast anemometers and a ground set 
which was deployed at each location.  Wind speed and direction were measured at 1 Hz using 
Gill Windsonic-2D sonic anemometers and the data recorded using Campbell CR1000 data-
loggers.  Sediment transport was recorded using WenglorTM laser particle counters set at 0.01 
m above the bed.  Near-bed sediment flux was approximated using a network of swinging 
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sediment traps (as described in Hilton et al., 2017) and Wenglor™ laser particle counters.  The 
traps were deployed 0.01 m above the bed.   
 
Site 1 is a gently sloping, unvegetated, terrace with a slight convex profile.  The site was 0.50 
m above spring high tide and 0.20 m above the observed limit of wave swash at spring high 
tide.  The area was cleared of wrack and raked smooth following the installation of instruments 
on the 27th January to reduce the surface roughness and increase the likelihood of aeolian 
sedimentation.  The unvegetated fetch to the north-west was 60 m.  The instruments were 
arranged in lines at 90° to the initial forecast wind direction (43° to true north) (Figure 4.3).  
WenglorsTM are placed so the laser which records sedimentation lies perpendicular to the 
incident flow.   
 
Site 2 was on the north-western end of Maaodegalaa on a level terrace limited by back-beach 
scarps to the south-west and the north (Figure 4.4).  The scarps were observed on arrival at the 
island on the 27th January but were significantly refreshed during spring high tides that reached 
their maximum height on the 1st February.  Site 2 was also sheltered to the north and north east 
by dense Scaevola bushes.  The instruments and sand traps from site 1 were installed at site 2 
with the exception of the uppermost mast anemometer (5.53 m).  A Wenglor (B2) and 
anemometer (B1) were placed 9 m from the northern scarp.  Fortunately, the incident wind 
during the afternoon of February 1st was at an angle of 23°.  This was close to normal to the 
orientation of the laser of Wenglor B2 and provided ideal conditions for the capture of active 
sedimentation along the bed.  The remainder of the instruments were installed on the lee (south 
side) of the Scaevola cover, to determine how much the plant cover sheltered the bed from 




Figure 4.2: Location of the sites of the wind events on Maaodegalaa.  Also shown are the spring 
high tides, installed RTK benchmark, anemometer mast, back-beach scarp and surveyed transect 
lines.  The moribund and vigorous vegetation species, Scaevola taccada and Cyperus conglomeratus 
are also shown.  The back-beach scarp was cut by the highest spring tides on the 31st January 2018.  
The wind rose (0900hrs observations, 1991 – 2008 at Kaadedhdhoo Airport) indicates the northwest 
to northeast shorelines are relatively exposed to wind and local wind waves from these quarters 
during both Iruvai and Hulhangu monsoons.   
Figure 4.1: Oblique UAV view of Maaodegalaa (looking to the north-west).  The instrumented areas 
are shown for the first event (28th January 2018) and the second event (1st February 2018).  The 




Figure 4.3: Instrumentation layout for event 1 (event commenced 1800 hrs 28th January 
2018).  The WenglorTM particle counters were orientated at 033° from normal to the average 
incident wind during the event (321°).  The wind rose is the average speed and direction at 
anemometer A1, on the top of the mast (5.53 m).  The sand traps were deployed from 1500 
hrs on the 28th January till 0900 hrs 29th January.   
Figure 4.4: Instrumentation layout for event 2 (event commenced 1300 hrs 1st February 
2018).  The wind rose is the average speed and direction at anemometer A1, on the top of the 
mast (5.53 m).  The sand traps were deployed from 1500 hrs on the 28th January till 1300 - 





4.3.1 Topography and Aeolian Features 
 
As is the nature of reef islands and sand cays, Maaodegalaa had a very low profile relative to 
mean sea level (Figure 4.5a).  The highest point on Maaodegalaa was approximately 0.9 m 
above spring high tide, during fieldwork, and 0.7 m above the maximum run-up of wave swash 
from spring high tide on 1st February 2018.  The spring tides experienced during the field 
research were the highest of 2018 according to the Kolamaafushi tide tables (a rim island of 
Huvadhoo Atoll, 65 km north of Maaodegalaa).  The tide conditions that were observed were 
the most extreme that the island could experience, so it was reasonable to assume the land 
above the swash limit on 1st of February is only  inundated during extreme oceanographic 
conditions (e.g. tsunami and distant-source swell, none of which have been reported since the 
formation of Maaodegalaa at its current location in 2011).  The most elevated sections of the 
island are vegetated by communities of Scaevola or Cyperus, with the exception of a low ridge 
to the east of the Cyperus colony (Figure 4.5b).  A ridge which ran parallel with the long axis 
of Maaodegalaa is associated with Scaevola.  A second ridge, also running parallel with the 
long axis of the island but to the south, is associated with younger Scaevola shrubs (< 1 m 
high).   
 
Aeolian landforms are present on the surface of Maaodegalaa.  Nabkha were present in two 
forms: small nabkha (< 40 cm) formed within individual specimens of Cyperus; and more 
significant nabkha formed around Scaevola which were only found along the southern 
shoreline (Figure 4.6).  The smaller nabkha occurred on surfaces recently colonised by Cyperus 
and were common on the eastern terrace of the island.  They form as small isolated pedestals, 
with pronounced (in the context of a low-lying coral island) shadow dunes.  They are less than 
40 cm wide and 40 cm high and are abundant on the eastern terrace of Maaodegalaa and south 
of the main Scaevola cover.  The orientation of the larger nabkha (long-axis parallel with a 
southwest to northeast axis line) suggests that they form in southwest winds, most likely during 






Figure 4.5: (A) The topography of Maaodegalaa derived from UAV photogrammetry relative to spring 
high tide (captured 30th January 2018); and (B) an interpretation of the aeolian features Nabkha 
along the southern ridge of the island, associated with Cyperus and Scaevola, probably developed in 






Figure 4.6: Aeolian features of Maaodegalaa: (A) aeolian ripples and 
shadow dunes in the lee of wrack; (B) minor nabkha within Cyperus 
conglomeratus (height <40 cm); and (C) larger nabkha associated with 




Survey lines were established in 2017 and resurveyed in 2018 (Figure 4.7).  Two areas to the 
west and east of the core accreted between January 2017 and February 2018.  Cyperus 
colonised both these areas in late 2016 (Figure 4.8).  They were present as seedlings in 2017 
(pers. Comm. M Hilton) and had grown to a height of 0.4 m by February 2018.  There are two 
possibilities to how the seedlings arrived on Maaodegalaa; either they were deposited to where 
they germinated by an over-wash event, or they were deposited on the fringe of the island and 
blown to where their contemporary location.  As there was no evidence of recent wrack within 
the Cyperus communities in 2018 it was surmised that the accretion of the island was due to 
aeolian sedimentation.  The high ridge (20 cm – 30 cm high) on the north east shoreline was 
the only elevated feature not associated with vegetation.  This feature may be a relic of an older 
island form, as higher landforms are generally associated with vegetation.   
Figure 4.7: Profiles A- C surveyed across Maaodegalaa during January 2017 and February 2018 
(Profile A only in 2018).  Location of profiles located in Figure 1).  The areas of high topography are 
associated with small nabkha with Cyperus conglomeratus and larger nabkha are associated with 
Scaeovla taccada.  Areas to the east and west of the centre of Maaodegalaa accreted between January 





Figure 4.8: UAV images of Maaodegalaa in January 2017 and February 2018.  2017 images 
provided courtesy of Edward Beetham.  Areas of accretion are on the eastern terrace and western 
margins of the island (see Figure 7).  This accretion is associated with the growth of Cyperus 
conglomeratus and the formation of nabkha over a 12-month period. 
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The contemporary form and position of Maaodegalaa on the reef platform established between 
February 2011 and March 2013 (Chapter 3).  Maaodegalaa has been relatively stable in form 
and position on the reef platform since 2013.  The stability appears to be tied to the colonisation 
and further maturing of early successional vegetation.  While the island core was stable the 
margins and supratidal zone had reduced since 2016.  The potential for aeolian sedimentation 
and dune development changed with the island development.   
 
4.3.2 Incident Flow 
 
The mean incident wind speed at the highest anemometer, A1 (5.53 m), over the 8-day 
deployment was 4.55 ms-1.  The highest gust was 12.84 ms-1 but the wind speed generally blew 
between 1 – 7 ms-1.  The wind was consistently blowing with only one brief calm period on the 
31st January.  Wind direction was generally from the northwest through to northeast, consistent 
with the expected Iruvai monsoon winds (Figure 4.9).  There was, however, a period of low 
winds from the southwest on the 31st January.  Two periods of high wind speed were recorded 
– ‘Event 1’ and ‘Event 2’.  Event 1 took place at approximately 2000 hrs on 28th January and 
Event 2 around 1300 hrs on 1st February – each lasting approximately 60 minutes (Figure 4.10).  
Each event was characterised by abrupt increases in wind speed immediately followed by 
incident wind direction.  During Event 1 the wind speed at anemometer A1 increased by 
approximately 7 ms-1 to 12.84 ms-1, with a direction of 340° at peak gust, which later shifted to 
020° (Figure 4.11).  Event 2 had an increase of approximately 8 ms-1 to 11.45 ms-1 on 
anemometer A1 from the average direction of 20°.   
 
The equatorial location means cyclonic weather events and terrain-generated phenomena are 
unlikely to be the genesis of these winds, leaving convective activity under rainclouds the most  
likely potential mechanism of wind generation.  Convective cloud activity and rainfall was 
observed in vicinity of Maaodegalaa during both events.  Before Event 2 characteristic 




Figure 4.9: Maaodegalaa (a) wind speed; (b) relative wind direction; (c) wind direction (true north); 
and (d) wind rose, for the period 27th January to 3rd February 2018.  Measurements taken from 





Figure 4.10: (a) Wind speed; (b) wind direction (adjusted); and (c) wind direction (relative to true 
north) at 5.53 m and at 0.05 m (anemometer B1, located at the base of the mast) during event one 





Figure 4.11: Figure 10: (a) Wind speed; (b) wind direction (adjusted); and (c) wind 
direction (relative to true north) at 5.53 m and at 0.05 m (anemometer B1, located at the 




Convective rain clouds produce surface-based density currents or ‘cold pools’.  These are 
prominent features of thunderstorm environments and are associated with the evaporation of 
precipitation (Houze, 2004a, b).  Cold pools can generate wind speeds up to 10 ms-1 and can 
travel for significant distances (kilometres) when unobstructed by topography – as is the case 
on Maaodegalaa.  It is likely that the wind shifts recorded in Event 1 and 2 were generated by 
cold pools.  The direction the wind shifted to is consistent with where the cumulonimbus clouds 
were observed.  The winds recorded are consistent with previous studies of tropical cold pools 
(Feng et al., 2015).  Finally, the Campbell CR1000 data loggers record low quality temperature 
measurements.  There was a distinct 3°C temperature shift at the time of the gusts, signifying 
a change of air mass following the passing of a cold pool.  However, a lack of high-quality 
temperature, pressure and relative humidity measurements means it is impossible to determine, 
with absolute certainty, the origin of these features.   
 
4.3.3 Aeolian Sediment Transport 
 
Saltation was observed during both high wind events.  The fetch across a dry, unvegetated 
surface during Event 1 was approximately 50 m (Figure 4.3).  As the incident wind shifted 
northward the fetch decreased to 20 m.  Wind speed exceeded 12 ms-1 at 5.53 m and 6 ms-1 at 
ground level (B4, 0.05 m) during Event 1.  Sand transport as saltation was visible, but poorly 
established.  The WenglorTM particle counters recorded low counts of less than 8 s-1 (Figure 
4.12a).  WenglorTM A2, which was placed closer to the north coast, recorded somewhat higher 
counts, still reaching a maximum rate of 8 s-1 (Figure 4.12b).  The primary form of sediment 
transport in Event 1 was through sand creep and sand ripple migration (length = 0.12 m and 
amplitude = 0.03 m) and shadow dunes formed around the instruments during the event.  Minor 
saltation occurred, recorded by the WenglorsTM, and small volumes of sand were caught in the 
swinging traps (from 0.10 – 0.73 g).  The derived flux of these for the duration of Event 1 was 
between 65.75 and 479.95 g/hr/m2.   
 
Higher rates of saltation were recorded during the second wind event - up to 160 s-1 (Figure 
4.13a).  The incident winds recorded by anemometer A1 were lower in Event 2 with speeds of 
11.6 ms-1, compared to 12.8 ms-1 during Event 1.  However, the near bed wind speeds were 
higher during in Event 2 (8 ms-1), greater than the 7 ms-1 recorded in Event 1.  The inland 
instruments deployed during Event 2 were sheltered by the northern Scaevola shrubs.  
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WenglorTM  B1 recorded virtually no sedimentation due to its sheltered placement in the lee of 
the Scaevola (Figure 4.13b).  The sand traps deployed to the west of the Scaevola collected 
significant quantities of sediment (3.48 – 32.87 g) during their 20-minute deployment.  As 
expected, the traps in the lee of the Scaevola collected virtually no sand.  The averaged 
sediment flux of the area downwind of the scarp was 35, 848.13 g/hour/m2, but was 
significantly lower at 295.86 g/hour/m2 in the lee of the Scaevola.  These rates were 
extrapolated from the sediments collected by the swing traps between 1300 and 1320 hours 
and assume a consistent rate of sedimentation.  These flux rates are significant and reveal the 




In general, the winds recorded on Maaodegalaa did not generate near-bed flow strong enough 
to entrain sediment.  However, there were two events when the wind speed was sufficient to 
transport significant amounts of sand.  These events generated near-bed flows that overcame 
the threshold of entrainment for medium sand.  Saltation was measured, sand was trapped 
above the bed, and the formation of ripples and shadow dunes on the surface were observed.  
The wind speeds recorded at anemometer A1 (5.53 m) was lower in Event 2, but there was a 
significant increase in sedimentation recorded and observed.  It is hypothesised that 
morphological conditions led to the greater sedimentation in Event 2.  It is likely that the beach 
scarp on the northern shore of Maaodegalaa caused flow acceleration of the incident wind from 
mechanical forcing.  Scarps are common features of beach morphology (Sherman and 
Nordstrom, 2011), and are also commonly reported in atoll settings (Rankey, 2011).  The scarps 
on Maaodegalaa appear to refresh at spring high tides, and only occurred on the windward 
sides of the island.  The assumption is drawn that scarps on Maaodegalaa are seasonal, with 
scarps forming and refreshing on the northern coast during the Iruvai monsoon and migrating 
to the western and southern coast during Hulhangu with the shifting winds.  Even when incident 
winds are below the threshold of sediment entrainment (10 ms-1 as reported by Pye and Tsoar 
(2008)), scarps may be the mechanism which allow sediment transport to the island core 




Figure 4.12: WenglorTM counts for (a) instrument A1/ A2; and (b) B1/ 
B2; (c) wind speed at anemometer A1 (5.53 m) and B4 (0.05 m); and (d) 





Figure 4.13: WenglorTM counts for (a) instrument A1/ A2; and (b) B1/ B2; (c) wind 
speed at anemometer A1 (5.53 m) and B1 - B4 (0.05 m); and (d) wind direction 
(A1, B1, B2, B4) during Event 2 (1st February 2018). 
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It was coincidence that sediment transport in the lee of the scarp was measured.  It is clear that 
there are various conditions that must be met for the formation of a scarp to encourage sediment 
transport, such as tides, island orientation and season.  There must be significant periods when 
these conditions are not met and aeolian significant sedimentation does not occur.  The 
relationship between the near-bed acceleration and scarp is further investigated in the recent 
paper by Hilton et al. (2019), which includes a model of wind flow over a scarp.   
 
The surface-based density currents produced by cold pools from cumulonimbus clouds are 
most likely the source of the near-surface flows that initiated the measured sedimentation on 
Maaodegalaa.  This process has been well documented (Caracena, 1983; Mueller and 
Hildebrand, 1983; Wilson et al., 1984), but never in an atoll setting. Moreover, aeolian 
sedimentation has never been associated with such flows.  The high-frequency dataset of wind 
data was brief (8-days) and is not enough to draw a definite conclusion between cumulonimbus 
clouds and microbursts, however, there appears to be a strong association between the presence 
of these cloud forms over the island and the measured near-surface flows.   
 
Microbursts are likely more significant to aeolian sedimentation than the regular incident winds 
experienced in either monsoon.  It is also likely that the effect that cold pooling has on these 
islands is more significant during the Hulhangu monsoon.  Hulhangu monsoon (April – 
November) experiences higher volumes of rainfall (Stoddart, 1971).  Higher rainfall is 
associated with more cumulonimbus clouds, therefore more opportunities for microbursts to 
promote aeolian sedimentation ahead of precipitation.  If this is the case, then the traditional 
method of summarising wind conditions over a period of time as a wind rose may be 
misrepresentative of the conditions when aeolian sedimentation actually occurs.  Further 
observations of near-surface flow and satellite images of cumulonimbus clouds needs to take 
place before the significance of microbursts can be confirmed.  
 
How significant is aeolian sedimentation in the formation and development of islands?  Current 
models suppose that established islands in Huvadhoo lagoon formed as a result of sea-level fall 
during the late Holocene (East et al., 2018).  This model does not explain the recent 
development of islands like Maaodegalaa, under stable sea-level conditions, nor does it explain 
the emergence of ephemeral sediment deposits.  As explained in previous chapters, the location 
of an island on a reef platform can be explained by incident wave transformation across a reef 
platform (Gourlay, 1988; Mandlier and Kench, 2012).  Therefore, the development of a sand 
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cay can be explained by variations in the incident wave energy.  But how do these cays develop 
into ephemeral sediment deposits that lie above mean high tide in contemporary sea levels?  
Wrack on the surface of Maaodegalaa indicates that wave over-wash might transport sediment 
(alongside other flotsam) that contributes to accretion of the supratidal island.  This has been 
documented after periods of high swell and following tsunamis in the Indian Ocean (Kench et 
al., 2006; Kench et al.,2008).  
 
Dune formation associated with early successional vegetation provides an alternate mechanism 
for sand cays to accrete above the elevation of usual wave run-up.  Small nabkha developed 
within individual Cyperus tussocks and larger nabkha formed within Scaevola shrubs.  Cyperus 
may be significant in explaining aeolian sedimentation and accretion patterns.  It has a low 
tussocky growth form and appears on Maaodegalaa as individual plants.  The growth form 
appears to encourage sand deposition due to the community structure.  Individual plants on the 
island tend to be spread over a wide area so that when aeolian sedimentation occurs, the 
boundary layer is disrupted over a large area and sediment is deposited.  Between 2017 and 
2018 the accretion of the eastern terrace of Cyperus was 0.3 m – a significant value for the low-
lying island.  However, the accretion process associated with Cyperus is likely to be time 
limited.  As Cyperus cover increases in density, or if Scaevola establishes within the 
community, aeolian sedimentation and accretion will likely decline.  This is model is supported 
by the observations of sedimentation during the second wind and sand transport event – 
virtually no aeolian sand transport occurred in the lee of Scaevola.  The accretion period 
associated with Cyperus on an island such as Maaodegalaa may be limited to the time Scaevola 
takes to establish.   
 
A new conceptual model of island development is presented (Figure 4.14).  This new model 
predicts island accretion resulting from sand deposited during over-wash events and during 
aeolian sedimentation.  The emergence of a sand cay probably relies on a combination of 
favourable tidal and wind conditions to expose an ephemeral deposit of sand (Figure 4.14a).  
The initial sand cay forms as incident waves transport sand to a nodal point on the reef platform.  
This becomes the depocenter of the sediment deposit that eventually rises above sea level.  
These Type (ii) morphological forms (described in Chapter 3) lie above the surface but are 
inundated during spring high tides.  They may emerge for long periods (months) during 
successive neap-spring tidal cycles, where successive spring tides are lower.  Daaodagalaa, 
described in Chapter 3, is an example of this form.  If conditions are conducive for germination, 
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stranded marine-dispersed seeds may establish on the sand cay.  These seedlings may grow 
rapidly and intercept wind-blown sand, supplied from the exposed surface (Figure 4.14b).  
Sediment trapped in the lee of wrack on the surface, or shadow dunes, can provide additional 
elevation of the sand cay, and further depth of soil for root development.  This process can 
continue if the next highest spring high tide does not inundate the island, or if it does the run-
up does not displace established vegetation. Over-wash must not occur during this period.   
 
The tide gauge records for Gan for the years 2015 and 2016 (the southern-most island of the 
Maldives in Addu Atoll) were examined.  The difference between the highest and lowest spring 
high tides for these years is 0.35 m.  The maximum elevation of the highest spring high tide 
(2.42 m) occurred in late October 2015, during the Hulhangu monsoon.  The maximum 
subsequent spring high tide during 2016 was 2.32 m.  Therefore, periods between maximum 
spring high tides can extend over 12 months.  This allows periods where accretion of sand cays 
through aeolian activity and regular swash to occur.  This assumes that erosion occurs during 
spring high tides and extreme events such as tsunamis. 
 
It is hypothesised that aeolian sedimentation is enhanced by flow acceleration over beach 
scarps.  At the time of fieldwork Maaodegalaa had largely accreted above the reach of over-
wash which allowed plant growth to continue, but it still remains vulnerable to partial over-
wash from the highest spring high tides and tsunami events which can alter the morphology of 
the island (such as that which occurred in Kench et al., 2006).  Due to the directional shift in 
incident wave and wind energy during the monsoons, there is no true lee side of the island 
annually.  The implication of this is that a scarp, which is an ephemeral feature, can form in 
either monsoon which means that aeolian sediment transport towards the core of an island is 
not limited to a single monsoon.  However, that is not to say that the sediment transport patterns 
during both monsoons result in accretion.   
 
The emergence of a sand cay and its subsequent colonisation to a stabilised and vegetated 
island is commonly described by models negating aeolian interactions, where a bare sand 
surface is colonised by pioneer vegetation and develops from there (e.g. Heatwole, 2011).  The 
model introduced in this chapter describes the colonisation of a sand cay by vegetation and 




Figure 4.14: Conceptual model of sand cay emergence and accretion. The sand cay 
forms on the reef flat and is over-washed by waves at the highest spring high tides (A). 
Subsequent (lower) spring tides strand wrack and seed on the cay and leave the cay 
surface exposed (B). Seeds germinate, saltation builds nabkha and shadow dunes form 
around debris and plants. The cay accretes above the level of the highest spring tides 
aided, in part, by flow acceleration over seasonal high-tide beach scarps (C). 
Occasional over-wash during periods of high wave activity / tsunamis contribute to 
island accretion. As shrub cover increases aeolian sedimentation and accretion becomes 
increasingly localised.   
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The surface produced by the ephemeral deposit, during a prolonged period of low spring high 
tides, provides a surface for pioneer plant species to colonise, and the increase in surface 
roughness from vegetation provides for island accretion through aeolian sedimentation.  The 
further vegetation develops, the further aeolian accretion can occur through landforms such as 
nabkha and shadow dunes in the lee of debris.  Aeolian sedimentation promotes the 
development of vegetation cover.  At a certain point however, vegetation cover will shelter the 
island, and be detrimental to aeolian accretion.  During January 2018 Maaodegalaa was at a 
stage where the western Scaevola sheltered the island from northern winds.  The period of 
where aeolian accretion is likely to be short. 
 
4.5 Conclusion  
 
This Chapter has presented the first high-frequency measurements of aeolian sedimentation on 
a coral island in an equatorial atoll setting.  While the research took place on Maaodegalaa it 
is likely that it occurs in a range of geographic settings, both in Huvadhoo Atoll and low sand 
islands worldwide.  Aeolian ripples developed when the near-bed flow exceeded 6 ms-1. 
Saltation occurred at slightly higher wind speeds Significantly higher rates of sedimentation 
occurred downwind of a scarp due to flow acceleration.  Average incident winds generated 
during the Iruvai monsoon may not be enough to initiate sedimentation.  However, winds 
associated with aeolian sediment transport exceeded 8 ms-1 and were probably generated by 
cold pools beneath cumulonimbus clouds.   
 
The rates of aeolian sedimentation were not high but were significant given the low-lying coral 
sand cay setting (0.9 m above spring high tide maximum elevation).  Island accretion due to 
aeolian sedimentation and aeolian landform development likely accounts for a significant 
portion of island topography.  However, sediment deposition from incident wave over-wash 
may also contribute.  Over-wash is critical to island development at an early stage, since it 
delivers seeds to the island above the reach of regular tides.  From this point in time, aeolian 
sedimentation and accretion increases due to the increase in surface roughness. The stage of 
significant aeolian accretion on an island may only be brief as increased vegetation also 
increases shelter from wind events.  The significance of aeolian sedimentation during latter 
stages of island development is unknown, but it is likely that it declines as vegetation grows 
and large sections of the island are sheltered from wind.   
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5. Stratigraphic Analysis of 





Chapter 4 reported the first measurements of aeolian sedimentation on the surface of an 
equatorial reef island.  Aeolian sedimentation entrains and deposits sand on the contemporary 
surface of Maaodegalaa. Does aeolian sedimentation accumulate in bands of significant 
thickness, and are these recorded within the stratigraphy of Maaodegalaa?  This chapter will 
be the first analysis of equatorial reef island stratigraphy from an aeolian perspective.  The 
presence of marine-dispersed plant and tree species in the centre of the island indicate that 
islands are occasionally over-washed, but there are likely periods where the primary form of 
sedimentation is the result of aeolian processes.  This chapter will analyse sand samples from 
the surface and stratigraphy of Maaodegalaa to identify any aeolian facies.   
 
The information stored in an island’s stratigraphy can be used to examine the processes of 
island development (Woodroffe et al., 2007).  Evidence of previous sea levels and other 
significant environmental change may also be stored in these strata (Davis et al., 2003). The 
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textural characteristics of sand has been used to reconstruct the geomorphic late-Holocene 
history of islands in the Maldives (East et al., 2018), but over much longer time spans (102 - 
103 years).  Chronostratigraphic analysis of rim islands, both sand and gravel based, have been 
used to determine when islands have formed and how they have responded to previous sea 
levels.  These studies research islands which are hundreds or thousands of years old.  The sand 
cays examined in the present study have formed over time scales of years to tens of years.  
Maaodegalaa has only formed in its present position and been colonised by vegetation since 
2011.  The age or origin of the sands is not the primary concern, rather how they were deposited 
at their contemporary position.  Low-lying coral islands accumulate through wave driven 
deposition of sediments from the reef platform on which the islands lie (East et al., 2018; Kench 
et al., 2018).  These islands are dynamic and can exhibit a range of morphologies and 
orientations in decadal timescales.   
 
The internal structure and stratigraphy of a reef island can be gathered through invasive and 
non-invasive field methods.  Invasive methods require the partial deconstruction of an 
environment and can irreversibly modify the study site.  Invasive techniques include shallow 
excavations, pits and boreholes (Neal and Roberts, 2000).  Non-invasive methods leave the 
environment unaltered for further research, but can have drawbacks in the interpretation of 
data, such as ground penetrating radar (GPR).  Intrusive techniques have been used for most of 
the 20th century despite being largely time consuming and expensive.  In some situations, 
invasive techniques cannot be used due to environmental, or conservation considerations.  GPR 
can provide significant quantities of non-intrusive data of the shallow subsurface with relative 
ease.  There are still complications with the interpretation of GPR data sets in coastal 
environments as saltwater disperses radio energy through its high conductivity.  GPR cannot 
provide information on grain size that can only be collected through intrusive methods.  There 
are benefits to both intrusive and non-intrusive data collection methods.  Obtrusive methods 
must be used with care as excessive sampling can quickly destroy the characteristics of the 
environment, particularly in limited sites such as Maaodegalaa.  
 
This chapter will first detail the methods used in the collection of the surface and pit samples 
and the particle size distribution (PSD) techniques used in the analysis.  Then, it will describe 
the grain size analysis from the surface samples; from the beach toe to the surface above the 
spring high tide.  The third section will describe the stratigraphy across the two study sites, 
Maaodegalaa and Daaodagalaa.  These two sand cays provide examples of two stages of island 
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development discussed in the previous chapter.  Finally, any patterns across the surface and 
within the stratigraphy will be discussed.  The aim of the chapter is to determine if there is a 
distinct aeolian facies characterised by grain size and textural characteristics.  Over-wash 
events occur on these islands, and the aeolian facies may be a series of complex interspersed 




5.2.1 Sand Samples 
 
Surface samples were taken in a systematic survey across the island intertidal beach and beach 
toe (30 samples across the surface of the island, above spring high tide; 30 from the intertidal 
zone; and 30 from the reef platform at the base of the beach toe).  The samples were located 
using a handheld GPS (Garmin 62S) (Figure 5.1).  The grid was oriented approximately north-
south across Maaodegalaa and was approximately 5 m by 5 m, however, there were some 
surfaces on the island that were not sampled.  The terrace west of experiment 1 (see Chapter 
3) was not sampled to avoid disturbing the surface.  The intertidal samples were taken at mid 
tide level and the beach toe samples were taken at the change in slope where the beach slope 
intercepts the reef platform.  All samples were placed in individual resealable bags and treated 
with bleach at the Small Island Research Centre (SIRC) on Faresmaathodaa.  They were air-
dried before being transported to the University of Melbourne for size analysis.   
 
A series of twelve pits were dug and sampled along two transect lines on Maaodegalaa (Figure 
5.2). Pits were excavated to approximately 1 m below the surface, or until reaching the water 
table.  The pits were dug across corresponding low tides over two days to ensure the maximum 
depth could be achieved.  Pits 1, 2, 3 and 9 were closer to the active beach and shallower due 
to the higher water table and lower land surface.  Once a pit was dug, the stratigraphy was 
described, and any obviously coarse or fine bands were noted. The depth of the top and base 
of the pit were surveyed using a Leica Sprinter 150m digital level.  On Maaodegalaa the pits 
were surveyed to a permanent datum (WGS84).  The elevations of the samples are projected 
in the UTM North Zone 43 projection with WGS84 as the datum.  Samples were extracted 
from the pit every 10 cm, starting from the bottom. Additional samples were taken where there 




Figure 5.1:Georeferenced image of Maaodegalaa taken from a UAV.  The positions of the absolute 
surface, intertidal and beach toe samples are marked in white dots.  Note that the warping of the upper 
left frame of the image 
Figure 5.2: Georeferenced image of Maaodegalaa taken from a UAV.  The locations of the twelve pits 
dug on Maaodegalaa. 
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WGS84 is a mathematical representation of the Earth, and as such it does not replicate the 
Earth’s geoid (Fraczek, 2003).   As a difference in sea level exists between the mathematical 
representation of Earth and the actual shape, the elevations of features surveyed in this research 
are a negative number around -77 m.  This is due to the nature of the representation of global 
elevations across an oblate spheroid. 
 
 Daaodagalaa posed a significant challenge when collecting data.  The island could only be 
accessed at high tide, which allowed for very little time to collect data.  Only three shallow pits 
were excavated on Daaodagalaa due to this constraint.  The pits on Daaodagalaa were all dug 
along the long axis of the island, approximately 20 meters apart.  Daaodagalaa pit elevations 
were approximated using the tide levels from an RBR installed on the reef platform of 
Maaodegalaa, and the relative position of the pits to an RBR installed on the platform 
Daaodagalaa lay on.  
 
5.2.2 Particle Size Analysis 
 
Particle size analysis (PSD) was completed in the School of Geography at the University of 
Melbourne.  A Beckman Coulter LS 13 320 particle sizing analyser was used to process the 
sand samples.  Before each sample was processed the machine was recalibrated and flushed.  
The sample was then added to the hopper until the obscuration was between 8 – 12%.  Once 
optimum obscuration was achieved, which usually required less than 20 grams of sand, the 
sample was analysed.  These steps were repeated for each sample.  Due to time constraints it 
was not possible for each surface sample to be analysed.  All the pit samples were analysed, 
but only every second surface, intertidal and beach toe sample.  Unfortunately, the surface 
samples from pit 2, pit 6 and pit 9 were lost in transit between the Maldives and Melbourne. 
Each analysis produced an Excel spreadsheet which contained information on the sample 
including the Folk and Ward statistics and the size of the finest and coarsest 10% and 25%.  













Where ϕ is the diameter of the particle in phi, D is the diameter of the particle in mm, and D0 
is the reference diameter equal to 1 mm (which results in the D remaining unchanged).  For 
each pit sample the finest and coarsest 10% were matched to the corresponding sample depth.   
 
The percentage of the sample in the 0.5 ϕ (0.707 mm) and 2.5 ϕ (0.250 mm) class was derived 
for each sample.  These values indicate proportion of the sample in the fine or coarse size 
distribution.  All pit samples had a unimodal distribution, and the samples had low skewness 
value.  The implications of this is that the mean of each sample is the only mean, and the data 
is normally distributed.  The intention of calculating the percentage at 0.5 ϕ and 2.5 ϕ was to 
determine if aeolian deposits or wash-over events left a distinct textural signature.  As aeolian 
events have a lower energy threshold, it was hypothesised that they will transport finer 
particles, while wash-over events, which are within a higher energy domain, will transport 
coarser and less well-sorted sands (Short and Hesp, 1982).  The hypothesis is that over-wash 
events will deposit more coarse material, indicated by a higher percentage in the 0.5 ϕ sand, 
and aeolian events will be distinguished in the facies from larger percentages 0f 2.5 ϕ sand in 
the pit samples.  The sediments forming coral islands are sourced from the reef platforms (Hart 
and Kench, 2007).  Biogenic, mechanical and chemical erosion of the coral provides the 
sediments which are the foundations for island formation.  The varied nature of the erosion of 
the coral leads to varied sizes in sediment which build the islands, and aeolian sediment 
transport can only transport sands to a certain threshold (Davidson-Arnott and Bauer, 2009).  
Presumably aeolian events will be finer and better sorted than wash-over events.  If there is no 
mechanism for coarse sand to be transported to the core of an island, it will not be found there.    
 
5.2.3 Post- Processing 
 
In order to create a map of Maaodegalaa to display sample locations, an orthomosaic was 
developed using images captured with a DJI Phantom 3 Advanced.  Drone Deploy was used to 
plan flight lines. An orthomosaic was derived using Pix4D™.  The orthomosaic only displayed 
the island, not the surrounding water body.  Water is a homogenous surface and creates 
difficulties when finding matching key points that are continuous between multiple images 
(Nex and Remondino, 2014).  A 30% minimum of land cover must be in an image for it to be 
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calibrated, the orthomosaic of Maaodegalaa produced was unable to produce data for water 
over the reef platform.  Instead, the orthorectified image of Maaodegalaa was used to 
georeference a single image of the island.  Unique points such as coconuts, wrack or nabkha 
were used as tie points in ArcMap to create the georeferenced image.  The GPS coordinates of 
the surface sand samples, and the locations of the pits were downloaded as an Excel spreadsheet 
and imported into ArcMap in WGS 1984.  These were overlaid onto the georeferenced drone 




This section describes the sands from the surface and nearshore of Maaodegalaa, as well as 
stratigraphic information provided by 12 pits dug on Maaodegalaa and the 3 dug Daaodagalaa.  
First, the Maaodegalaa surface, intertidal and beach toe samples will be presented followed by 
the relevant information from Daaodagalaa.  Then, the results of the 12 pits from Maaodegalaa 
will be displayed.  Finally, the stratigraphy recorded on Daaodagalaa will be reported.  The 
aim is to identify an aeolian signature within the sand structures.   
 
5.3.1 Maaodegalaa Surface, Intertidal and Beach Toe Samples 
 
Summary statistics were generated by the laser diffractor for each sample (after Folk and Ward, 
1957).  For each data set (such as intertidal zone, beach toe etc.) the average of all the basic 
statistics was calculated (Table 5.1).  The mean grain sizes for the beach toe, intertidal and 
surface samples from above spring high tide were all normally distributed.  The medians and 
the means of the samples did not differ significantly, so there were no bimodal distributions in 
any of the samples.  The skewedness of all the samples lies within - 0.10 ϕ to + 0.10 ϕ which 
denotes a symmetrical cumulative distribution curve.  The kurtosis of all the samples are 
mesokurtic aside from the beach toe samples from Maaodegalaa which are platykurtic.  
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The samples above mean spring high tide on Maaodegalaa are the finest sands on the island 
(Figure 5.3).  There is a trend of decreasing mean grain size from beach toe to intertidal to 
island surface.  The average mean grain size for the supratidal surface samples was 1.34 ϕ, 0.96 
ϕ for the intertidal samples and 0.42 ϕ for the beach toe samples.  The samples from the surface 
above spring high tide are finer, while the beach toe is comprised of coarser sand.  The intertidal 
samples have a wider range of mean grain sizes, and they overlap with the distribution of both 
the surface and beach toe samples.  The range of the intertidal means was 0.13 ϕ – 1.41 ϕ (1.28 
ϕ), while the range for surface samples was 0.653 ϕ – 1.690 ϕ (1.04 ϕ) and 0.075 ϕ – 0.748 ϕ 
(0.256 ϕ) for the beach toe samples.  The intertidal samples ranged between very coarse sand 
to medium sand in the Wentworth size classes.  The beach toe samples are coarse sands, and 
the majority of surface samples are in the medium size class, with an exception of 5 of the 46 
samples in the coarse sand class.  The samples from above high tide all clustered around 1.34 
ϕ (the mean is 1.337 ϕ and the median is 1.343 ϕ).  Sand transport processes are preferentially 
transporting the finer sands onshore and above the spring high tide line.  
 




mean high tide 




0.963 0.973 0.568 -0.031 0.974 
Maaodegalaa 
Beach Toe Zone 
Mean 
0.421 0.428 0.654 -0.001 0.874 
Daaodagalaa 
Surface 1  
1.889 1.891 0.386 -0.012 0.944 
Daaodagalaa 
Surface 2 
1.690 1.692 0.407 -0.004 0.949 
Daaodagalaa 
Surface 3 
1.510 0.603 0.549 0.075 1.071 
Table 5.1: The basic statistics of each location from Maaodegalaa, as well as the surface samples from 
Daaodagalaa.  As the Maaodegalaa surface, intertidal zone and beach toe samples are a collection of 
samples the mean of each data set has been taken.   
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Surface sample 1 and 2 from Daaodagalaa are two of the finest surface samples - 1.89 ϕ and 
1.69 ϕ respectively (Table 5.1).  They are both classified as ‘medium sand’, but the second 
sample is very close to ‘fine sand’ using the Wentworth sediment classification.  The third and 
final surface sample from Daaodagalaa had a mean grain size of 1.51 ϕ and classified as ‘coarse 
sand’, which was still relatively fine.  The finest surface sample from Maaodegalaa is 1.69 ϕ, 
so the Daaodagalaa samples are as fine, or finer than any of the surface samples on 
Maaodegalaa.  Daaodagalaa sand cay is significantly smaller than Maaodegalaa, and there was 
time pressure when collecting samples which is why only three surface samples were taken.      
 
5.3.2 Stratigraphic Data 
 
Samples taken from the pits on Maaodegalaa displayed a range of mean grain sizes (Figure 
5.4).  The finest sample (1.865 ϕ) was located in pit 9, the western-most pit on the island.  The 
coarsest sample was 0.052 ϕ located in pit 6, near the vegetated centre of the island, at -77.48 
m.  The pits across Maaodegalaa were dug below a range of island morphologies (Table 5.2).  
Pit 1 was located in the eastern margin on Maaodegalaa on the long axis of the island.  It was 
the closest pit to the swash zone and was the most exposed pit to over-wash and wave 
processes.  The significance of this is that the sand in this area are primarily in the zone affected 
by wave over-wash, so there were primarily coarse sands in the stratigraphy.  Pit 2 was further 





























Mean Grain Size (ϕ)
Maaod surface Maaod IT Maaod BT
Maaod Surface average Maaod IT average Maaod BT Average
Figure 5.3: Mean grain sizes of the beach toe (grey), intertidal zone (orange) and 
absolute surface (blue) of Maaodegalaa.  The mean of each sample set is displayed 
by a circle with a black outline.  The mean beach toe grain size was 0.42 ϕ, the 





  Figure 5.4: Mean grain sizes of the twelve pits dug across Maaodegalaa.  Mean grain size in phi (ϕ) is along the 
x axis and elevation relative to WGS84 is on the y axis.  Spring high tide (-78.3 m) and highest recorded run-up 
(-78.0 m) are superimposed over each graph.   
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become more vegetated over the previous year.  Pit 3 and 4 were within a well-established 
Cyperus community on the eastern platform of the island.  Pit 5 was on the centre point of the 
long axis of the island and was within a heavily vegetated section of the island.  The position 
of pit 5, 6, 7, 8, 11 and 12 were within the vegetated core of the island, although they were 
within varying covers of vegetation.  Pit 9 was the last pit on the long axis along Maaodegalaa 
and may have been exposed to over-wash events.  Pit 10 was on the northern coast of the island 
but lay on a raised platform.  A significant scarp existed to the north of the pit which will be 
discussed in the following chapter.  Pit 12 was dug through a nabkha to analyse the 
development of sands through a known aeolian structure.   
 
Pit strata comprised alternating layers of coarse and fine sand, with the finer sands dominant 
in the upper 20 cm of the pit.  Pit 11 was the only exception where a coarse layer was present 
just 20 cm below the surface, which was capped with another fine layer.  In the field these 
bands of coarse and fine sand were very obvious, but the mean grain size only ranged between 
1 ϕ and 1.5 ϕ (‘medium sand’).  However, while the differences are subtle, they may still 
indicate different sand transport regimes.  Pit 3, 7, 8 and 9 had very little variation in the mean 
grain size in the upper segment of the pit.  Other pits, such as pit 4, have a relatively large 
degree of variation in the mean grain size before the surface.  In pit 4 there is a distinct coarser 
band of 0.72 ϕ at -77.655 m, before the grain size become fine (1.41 ϕ) at the surface.  Pit 3, 7, 
8 and 9 all lie across the long axis of the island in a variation of distances from the island 
fringes, which suggests that the spatial position of a pit does not control the variation of grain 
size near the surface.   
 
 
Pit Surface Elevation (m) Location Description 
1 -76.99  Eastern-most pit on exposed beach 
2 -77.41 Eastern terrace on the fringe of Cyperus and open beach 
3 -77.19 Eastern terrace within Cyperus 
4 -77.46 Eastern terrace within Cyperus approaching centre Scaevola shrub 
5 -77.26 Centre of island within Cyperus 
6 -77.33 Vegetated core of island within Cyperus and Scaevola 
7 -77.17 Vegetated core of island within Cyperus and Scaevola 
8 -77.22 Within Cyperus cover but exposed to the south 
9 -77.35 Western-most pit on exposed beach 
10 -77.07 Northern-most pit, south of pronounced scarp 
11 -77.55 Within northern Scaevola and Cyperus 
12 -77.57 Dug through Scaevola nabkha 
Table 5.2: Description and elevations of the twelve pits on Maaodegalaa. 
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Daaodagalaa, where sediment transport and deposition is entirely wave-driven, the surface 
sand are fine (Figure 5.5).  The pits from Daaodagalaa all had surface samples with mean grain 
size greater than 1.5 ϕ (‘medium sand’).  The first pit had relatively fine sand throughout the 
pit, with all samples above 1.5 ϕ except sample 4 and sample 10.  These two samples were 
above 1.4 ϕ, are still relatively fine.  Pit 2 had the most variable grain sizes on Daaodagalaa.  
All samples were classified as medium sands with the exception of the fifth sample which was 
0.93 ϕ; on the threshold of medium sand.  Pit 3 was similar to pit 1 as the majority of samples 
were fine, approximately 1.5 ϕ.  The final sample was the coarsest on Daaodagalaa (with a 
mean grain size of 0.61 ϕ – ‘coarse sand’).   
 
Sand from deeper within a pit were coarser than the those from the surface.  Samples are 
generally finer toward the surface.  There were bands of coarse and fine sediments within each 
pit, but the samples from the surface were finer than the deepest samples.  With the exceptions 
of pita 3, 0 and 12, all pits had finer sediments at the surface of the pit than the base of the pit.  
The surface of pit 3 was 1.25 ϕ at -77.19 m and the base was 1.32 ϕ at -77.97 m.  The mean 
grain size at the surface of pit 10 was 1.06 ϕ at -77.067 m and 1.21 ϕ at bottom of the pit (-
77.63 m); a greater difference between the mean grain sizes than in pit 3, but still relatively 
trivial given the nature of the rest of the sample grain sizes in pit 10.  The surface of pit 12 was 
1.55 ϕ at -77.51 m and the base of the pit was 1.57 ϕ at -78.47 m, another relatively insignificant 
difference between mean grain sizes.  Samples from deeper within the island were typically 
coarser than surface samples and were presumably deposited earlier than the samples from 
higher elevations.     
Figure 5.5: Mean grain sizes and elevations of the three pits dug on Daaodagalaa.  There is a high variability 
in the range of grain sizes in these pits.   
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Each pit on Maaodegalaa was capped with fine sand.  This cap is probably of aeolian origin, 
but a fine sand was also recorded on the surface of Daaodagalaa.  Sand transport mechanics 
are very different on the two cays - Daaodagalaa was entirely marine, and Maaodegalaa was 
mixture of aeolian and marine.  It is possible that both processes result in the accumulation of 
a fine surface sands.  On the fringes of Maaodegalaa there was a thin crust, approximately 1 
mm thick at the surface.  This was likely an algal crust and may have been an indicator of an 
over-wash event.  The temporal scale that the crust develops is unknown, but it must be before 
the previous over-wash event. 
 
All samples from some pits did not have a mean grain size below 1 ϕ, the threshold between 
medium and coarse sand in the Wentworth size classification (Pit 2, 3, 8 and 12).  Pit 11 has 
one sample at 0.99 ϕ, which is on the boundary.  In general, the deeper samples were more 
likely to be coarse.  Samples below -78.3 m were likely to be deposited through marine 
processes as this was the highest recorded spring tide.  Samples below that are within the range 
of contemporary tide levels and have a higher chance of being deposited by waves.  The mean 
grain size for beach toe samples was 0.42 ϕ, but pit 2 and pit 3, both on the fringe of the island 
and closer to the marine processes, had no samples below 1 ϕ. Aeolian facies may still form 
below the level of modern spring high tides, however, because aeolian activity may occur at 
neap tide levels.  
 
The cap of fine sand across the island was the only continuous facies.  There are no fine or 
coarse facies present in all pits at the same absolute elevation.  Pit 6 contains the coarsest 
sample from the pits (0.05 ϕ) however, there are no similarly coarse sands at the same elevation 
(-77.49 m) in adjacent pits.  This is not surprising – a sand cay does not develop by the addition 
of horizontally-continuous layers of sand relative to sea level across the island.  So, we would 
not expect to find continuous layers across the island, particularly where different sections of 
the island have evolved at different times as the footprint of the island migrates over short time 
spans.  Homogeneous layers of fine or coarse sand do not exist across the island, but the layers 
within the pits may still be used to identify the relative contribution of marine and aeolian 
processes to the accretion of the island.   
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Pit 12 was dug through a nabkha, a known aeolian landform (Figure 5.6).  The upper six 
samples from this pit were between 0.1 ϕ and 1.5ϕ.  The mean grain size of the remaining 
samples fluctuated on either side of 1.5 ϕ within 0.25 ϕ.  The samples from this pit are known 
to be aeolian, therefore samples with mean grain sizes of 1.5 ϕ have the potential to be aeolian 
facies.  The samples taken from pit 7 had a similar pattern.  The upper five samples were within 
0.1 ϕ of 1.5 ϕ.  The remaining samples fluctuated between 0.9 ϕ and 1.4 ϕ.  The upper portion 
of this pit exhibited similar characteristics of pit 12 although pit 7 was not dug through an 
obviously aeolian landform.   
 
The proportion of fine (2.5 ϕ) and coarse (0.5 ϕ) percentages were analysed as well as the mean 
of each sample to gain more information on the vertical distribution of sands within the pits 
(Figure 5.7). These display the percentage of the sample at 0.5 ϕ and 2.5 ϕ for each pit from 
Maaodegalaa and Daaodagalaa.  A bimodal data set implies that there are two different 
individuals present in the data set.  In terms of this data, that could mean two distinct sizes of 
sand which may could be an indicator for an over-wash event or an aeolian event.  By analysing 
the fine (0.5 ϕ) and coarse (2.5 ϕ) percentages the nature of each sample could be observed.  
Fortunately, there were no bimodal samples within the pit facies which simplified statistical 
representation of the samples.   
Figure 5.6: The nabkha that pit 12 was dug through.  Scaevola taccada was 










Figure 5.7: The coarse (0.5 ϕ) and fine (2.5 ϕ) percentages of the pits across Maaodegalaa and Daaodagalaa. 
The coarse sediments are represented by the yellow line and fine sediments by the blue line.   
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The values 0.5 ϕ and 2.5 ϕ values were chosen because they were both within the range of sand 
sizes present on the island but at the fine and coarse ends of the grain size distributions.  The 
values represent the finest and coarsest portions of the samples present in each sample.  The 
purpose of examining the percentages of the 0.5 ϕ and 2.5 ϕ grain sizes in each sample is to 
observe whether there is a higher volume of coarser or finer sediments in each sample.  A 
higher portion of 2.5 ϕ grains would indicate a deposition skewed toward finer sand.  This 
sample represents an aeolian event which has deposited finer grains.  A major event, such as a 
wash-over event that inundates the whole island could be indicated through a consistent band 
throughout the pits at similar elevations where the 0.5 ϕ percentage is high as coarser sands are 
not able to be transported through aeolian processes (Davidson-Arnott and Bauer, 2009).     
 
In general, samples with a mean grain size above 1.5 ϕ led to a higher percentage of 2.5 ϕ 
sediments, and vice versa for samples with a mean grain size below 0.7 ϕ.  There tended to be 
a greater proportion of samples with a significant coarse percentage than fine.  This may be 
due to a higher availability of fine sands in the environment.  A finite amount of each sediment 
size is available in the environment, and 2.5 ϕ grains appear to be less abundant than those at 
0.5 ϕ.   
 
Pit 1, the eastern most pit, contained the highest percentages of coarse sands at all depths, while 
being entirely above the highest reach of marine processes (Figure 4).  It was located closest 
to the active beach and is exposed to wave swash and over-wash events.  The upper three 
samples in the pit contained less than 2% coarse sand.  The remainder of the pit fluctuated 
between samples of high percentage coarseness (up to over 9% for sample 7) and almost zero 
percent coarse.  The high degree of coarser sediment samples is expected in an environment 
that is more exposed to wave action.   
 
Pit 7 had a fine cap for the upper five samples which was mirrored by low (less than 0.1%) 0.5 
ϕ percentages in the pit data.  There were low percentages of 2.5 ϕ sediments with most below 
2% with the exception of the surface sands.  The remaining 8 samples fluctuated between 
coarse and fine bands.  In the coarse bands the 0.5 ϕ percentages are dominant, lying between 
4% and 8% which is high for this data set.  These were matched by very low 2.5 ϕ percentages, 
with all being below 0.2 %.  Coarse sand layers were identifiable by higher percentages of 0.5 
ϕ, but this was not mirrored by the 2.5 ϕ percentages.  A low percentage of fine sands could 
still indicate a fine layer.   
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Pit 1 and 2 on Daaodagalaa exhibit a different pattern of grain size distribution with depth.  Pit 
1 and 2 have extremely fine grain sizes.  The surface sample of pit 1 is 1.89 ϕ and for pit 2 is 
1.69 ϕ.  Compared to the results both the surface and pit results from Maaodegalaa these are 
relatively fine samples.  There was only 0.46 ϕ variation of mean grain size in the 10 samples 
from pit 1 in Daaodagalaa.  The entire pit consisted of from very fine sands: only two of the 
volume percentages at 0.5 ϕ were above 1%.  The 2.5 ϕ percentage of samples was above 1% 
for all data points in the same pit, and the surface sample was 5.79% sands at 2.5 ϕ.  Similar 
results were observed in pit 2, but the range of mean grain size was 0.79 ϕ.  There is a greater 
percentage of sand at 0.5 ϕ within the pit 2 although there are still three samples with no coarse 
percentage in them.  Both pits had finer sands on the surface of the pit than at the bottom, and 
the finest mean grain size for both pits was the surface result.   
 
This is not the case for pit 3, where the finest mean grain size is the first sub-surface sample.  
At the time the data was gathered, Daaodagalaa would have experienced over-wash every 
spring high tide.  There was potential for aeolian activity on the surface on the island, but it 
was likely that all significant sediment transport and deposition resulted from wave-swash.  
The low-lying and unvegetated nature of the island, as well as the lack of any ripples, shadow 
dunes or nabkha were indicators of the lack of significant aeolian sedimentation.  Clearly over-
wash may deposit a sheet of fine sand.  However, this does not discount the hypothesis of 
aeolian activity contributing significantly to island accretion on higher islands, such as 
Maaodegalaa. Aeolian landforms were observed on the surface indicating that they had been 
present for a significant time; in conjunction with measurements of aeolian sedimentation on 
the surface (see Chapter 4).    
 
The sand from the Daaodagalaa pits generally have a higher fraction of fine sands compared 
with those from Maaodegalaa.  The percentages of fine grain sizes (2.5 ϕ) on Maaodegalaa 
were low, with only two samples across the entire islands having more than 4% at 2.5 ϕ (in pit 
3 and pit 9).  The highest percentage on Daaodagalaa, which was also the highest percentage 
across both landforms, was the surface sample of pit 1 at 5.79%.  Daaodagalaa also had lower 
percentages of coarse sands in the samples.  Less than 2% of samples comprised of 0.5 ϕ sands 
in pit 1 of Daaodagalaa, while less than 6% of samples comprised of 0.5 ϕ sands in pit 2.  When 




The percentage of samples in the 2.0 ϕ size class was calculated to test how appropriate 0.5 ϕ 
and 2.5 ϕ was to determine the portions of fine and coarse sands in sample (Figure 5.8).  The 
values were calculated for pit 1, pit 7, pit 9 and pit 12 on Maaodegalaa.  These pits are located 
in a variety of settings; pit 1 is closest to the swash-zone; pit 7 is sheltered by vegetation and 
near the highest elevation of the island; pit 9 is close to the swash-zone and in close proximity 
to vegetation; and pit 12 is through a nabkha.  This provides a range of morphologies without 
having to calculate percentages for each pit.  Pit 1 is located in a section of the island exposed 
to over-wash, pit 7 is in the vegetated and sheltered core, pit 9 was on the fringe of the island 
but slightly sheltered and protected from over-wash.  Pit 12 was dug through a nabkha, so 
provided data from a known aeolian landform.  The 2.0 ϕ percentages for pit 9 and pit 12 
mirrored the 2.5 ϕ percentages, but with greater values.  Pit 7 mirrored the 2.5 ϕ percentages 
for the upper five samples, but for the remainder of the pit fluctuated between values.  For pit 
1 only the upper two samples were mirrored by the 2.5 ϕ samples, and the rest of the pit behaved 
Figure 5.8: The sediment size percentages from pit 1, 7, 9 and 12 on Maaodegalaa for 0.5 ϕ, 2.5 ϕ as 
well as 2.0 ϕ.  These pits were chosen as they provide a range of different morphologies experienced 
across Maaodegalaa.   
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like pit 7.  Where there are higher percentages of 2.5 ϕ in a sample, it was mirrored by high 
percentages of 2.0 ϕ.  However, a low percentage of 2.5 ϕ was not consistently matched by a 
low percentage in 2.0 ϕ because there was higher availability of 2.0 ϕ, or less coarse, sand 
within the environment that the samples were taken from.  Analysing the 2.0 ϕ percentages of 
samples gleaned no more information than the 2.5 ϕ percentages, and as such no more analysis 




There is a clear difference in mean grain size between samples collected from the surface of 
Maaodegalaa, above high tide, and from the beach toe.  Samples collected from the beach toe 
(0.42 ϕ) were coarser than those from the surface above spring high tide (1.33 ϕ).  A gradient 
of coarse to fine sand has been observed in the Maldives before (Kench, 2012; Perry et al., 
2015).  A similar pattern is described here, where coarser sand was encountered in inner or 
outer reef platforms which are always submerged.  Finer sand was encountered as samples 
were taken above the marine limit. Wave processes can transport and deposit coarser sand 
which require more energy to entrain.  This creates a gradient where coarser sand falls are 
deposited further down the beach.  The finest sediments require the least energy to transport 
and are transported furthest up the beach.  However, the finest sands recorded were observed 
on Daaodagalaa, a sand cay that is likely entirely affected by marine processes.  It is likely that 
the deposition processes that operate on higher elevated islands differs to those on lower-lying 
sand cays.  Daaodagalaa was also visited during a spring high tide which may have caused the 
fine sediment deposition on the surface.  Neap tides may cause different deposition patterns.  
This remains unresolved in this research.   
 
Sand deposited above the mean high tide line is in the domain of potential aeolian 
sedimentation (Bauer et al., 2009).  Further transport of these sands is due to aeolian processes, 
or over-wash above the high tide mark.  There had not been a recent over-wash event on 
Maaodegalaa due to the aeolian landforms on the surface.  The observation of this gradient on 
Maaodegalaa is expected, a similar gradient was observed by Perry et al. (2015).  The beaches 
studied in Short and Hesp (1982) were in environments which could develop expansive and 
developed dune systems, but the dynamics are different in the environments in this research 
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which operate on a smaller scale and have early successional vegetation which are not as 
effective sand binders as, for example, Ammophila arenaria.   
 
The surface of Maaodegalaa had a fine aeolian cap at the time samples were collected.  The 
surface was known to be subjected to aeolian processes due to the presence of ripples, nabkha 
and shadow dunes.  The majority of surface samples were above 1 ϕ, with the exception of five 
which were on the periphery of the island and within the range of a spring high tide.  All surface 
samples that were above 1 ϕ were taken from areas where aeolian landforms were present.  
Therefore, the current surface which is known to be aeolian is as coarse as 1 ϕ, so anytime a 1 
ϕ or finer band appears in the stratigraphy it could be an aeolian layer.   
 
There was no clear signature of island development across the twelve pits dug on Maaodegalaa.  
As observed in Chapter 3, coral cays and islands in this context are morphological variable.  
The margins of the islands, particularly Maaodegalaa, are mobile, even heavily vegetated 
islands with stable cores can have large variation of their margins (see Mahutigalaa from 
Chapter 3).  A combination of wash-over events and variation in topography might lead to a 
vertical variation in the layering of sediment. As there are many factors affecting island 
development there is no clear layer or stratigraphy that is continuous across an island.  
However, this is not to say that periods of accumulation and periods of stability are not reflected 
in the stratigraphy.  The current surface had a mean grain size equal to 1.34 ϕ.  Knowing that 
the current surface had not been disturbed by an over-wash event for some time because of the 
presence of nabkha, ripples and shadow dunes (which would be destroyed by over-wash 
events), it is likely that the textural characteristics of the contemporary surface are largely the 
result of aeolian processes.   
 
Kench et al. (2008) studied the effects of a tsunami on geomorphic change on reef islands.  
Immediately after a tsunami, a sand sheet comprising of very coarse sands were deposited over 
the vegetated surface islands.  Sand characteristics for the sand sheets were unavailable.  The 
over-wash sheets were generally thin and (less than 0.05 meters) and exhibited no bedding.  
That is to say, when identified in the stratigraphy it would be impossible to identify a coarser 
layer as a tsunami event from a regular over-wash event.  However, an over-wash event can be 
identified by a coarser layer of sand within the stratigraphy.  There have been no recorded 
tsunamis since Maaodegalaa stabilised in 2011, so the records within the stratigraphy will 




When observing the stratigraphy there were bands of coarse and fine layers, some classified as 
coarse as very coarse sand (observed in pit 6).  In general, the deeper samples are coarser.  
Deeper samples reflect depositional conditions when the island was lower and more exposed 
to marine sediment transport processes.  This is particularly true when the sample was lower 
than the highest recorded spring high tide (Figure 4).  Therefore, when a coarse layer of sand 
was encountered below -78.3 m, it was likely from an over-wash event.  Layers of fine sands 
above -78.0 m (the highest run-up recorded) were likely above the limit of over-wash, and 
therefore likely of aeolian origin.  It is important to acknowledge that aeolian sedimentation 
can also occur during neap tides, when more of the island is exposed to aeolian processes.  It 
is fortunate that the field research from this study coincided with spring high tide.  A precise 
timeframe of the time taken to construct each layer cannot be derived from the stratigraphy, 
but it can be assumed that a thicker a layer of fine sand indicates a longer period of aeolian 
sedimentation.  Thicker layers of fine sand can be attributed to periods of no over-wash.  It is 
important to remember that a single over-wash event may not necessarily cover the whole 
island and explains why pits on the periphery of Maaodegalaa (pit 1, 2, 3 and 4) have more 
instances of coarse bands.  They are more exposed to wave energy so have more opportunity 
for coarse bands to be present.   
 
Thin, coarse bands of sand deposited by swash have been observed on islands in Huvadhoo 
lagoon in subsequent research trips (Figure 5.9).   The swash has deposited the coarser 
fragments of shell, Forminifera and Halimeda in thin (approximately 1 cm thick) bands at the 
highest reach of the swash.  The finer (and better sorted and more spherical) fraction of the 
sediments appears to fall out of the swash lower down the slope of the beach, while the coarse 
sand forms thick bands at the upper limit of swash.  This may be due to flatter, disc shaped 
sediments (Perry et al., 2015) travelling further through marine processes than smaller, but 
more regularly shaped finer sand.  The bands photographed were formed during regular swash 
run-up.  This process can explain the layers of coarse and fine sand found beneath the 
contemporary maximum swash run-up within the pits on Maaodegalaa.  This is likely the 
causes of fluctuations between coarse and fine sand, such as those found in pit 7 (Figure 5.4).  
Below -77.65 m the samples fluctuated between 0.8 ϕ and 1.45 ϕ.  These samples were once 
the surface of Maaodegalaa but before the island was exposed to aeolian sedimentation due to 
its lower elevation.  The deposition of coarse bands from swash processes explains the variation 
in mean grain size in the stratigraphy of Maaodegalaa.  
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A conceptual model was created to describe the textural variation of sediments within an 
island’s stratigraphy (Figure 5.10).  The model explains the variation for a sand cay which 
provides conditions conducive for the colonisation of vegetation and follows the development 
of the sand cay exposed to exclusively marine processes (stage 1 of the model) to a vegetated 
cay exposed to aeolian and marine processes (stage 2).  During stage 1 the textural 
characteristics of the stratigraphy fluctuates from both over-wash events, as well as regular 
swash which deposits thin bands.  This record of the historic surface is stored within the 
stratigraphy.  Eventually, over the course of months or years, early successional vegetation 
develops on the surface of the island.  This introduces potential aeolian sedimentation, which 
leaves a finer textural character within the stratigraphy.  When the stratigraphy of the island is 
analysed coarser sand are more prominent as the contemporary maximum run-up level is 
approached.   
 
Sand on the surface of Daaodagalaa were as fine as those samples from the surface of 
Maaodegalaa.  Daaodagalaa was entirely within the domain of wave deposited sediment during 
sampling; as a type (ii) form it was too low for any early successional vegetation to colonise.  
This means that there was no opportunity for aeolian sediment transport on Daaodagalaa 
Figure 5.9: Coarse sediments deposited by regular over-wash on Mahutigalaa.  Bands are 1 cm thick 
and a were present on all coasts of Mahutigalaa.   
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(potentially on neap tides, but unlikely), and the fine sands deposited had to be sorted by wave 
processes.  It has been observed that across a beach there is a coarse sediment lag as the 
mechanisms that transport material leave coarser particles behind as they are outside the energy 
threshold for movement (Friedman, 1967; Mason and Folk, 1958).  As sand is transported 
along the surface of Daaodagalaa through wave processes, the coarser grains are deposited 
first.  The finest sand would be among the last to be deposited, and where the pits were dug 
were the highest points along the island (the least vulnerable area from over-wash).  Therefore, 
the fine sand on the surface of Daaodagalaa are not unexpected, as there is intense sorting of 
sand in the intertidal zone.   
 
5.5 Conclusion  
 
This chapter presents the results of a sedimentary analysis of a type (ii) and type (iii) sand cay 
forms in Huvadhoo lagoon.  Samples were taken from the surface and from shallow pits.  The 
aim was determining whether there was a clear stratigraphic signature for each form of 
sediment deposition (over-wash and aeolian).  The observation of aeolian sedimentation on 
Figure 5.10: Conceptual model describing variation in stratigraphy of an ephemeral coral sand deposit which 
eventually is colonised by early successional vegetation.  The transformation from form 1 to form 2 can occur 
in less than five years (as seen in Chapter 3) so the sea level can be considered the same for both forms. 
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reef islands has been noted, but there has never been research this significant to investigate this 
aspect of coral island development.   
 
There was a clear aeolian signature across the surface of Maaodegalaa.  This was identified by 
the finer samples being recorded on the surface and aeolian landforms across the entire surface 
of the island.  The intertidal zone had the greatest range of particle sizes within it and the beach 
toe had the coarsest grains.  A coarse to fine sand gradient from the beach toe to the island 
surface was expected and was observed on Maaodegalaa.  Within the stratigraphy of the island 
there was no clear continuous band of sand present in all or most pits.  Fine and coarse bands 
can be identified in the stratigraphy, becoming increasingly coarser the deeper (and older) the 
sample.  The surface of Daaodagalaa, which was exposed to exclusively over-wash events, had 
particles finer than those on the surface of Maaodegalaa.  In both cases, the finest sands are 
found on the surface.  The largest mean grain size of the surface above spring high tide on 
Maaodegalaa was 1.63 ϕ and was as 1.89 ϕ on Daaodagalaa.  Although it was finer on 
Daaodagalaa, aeolian deposited sands are observed on Maaodegalaa.  A fine sand does not 
always denote an aeolian layer, but the origin of the sediment could be determined by analysing 
other factors such as depth and location of sample and type of morphological form.   
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Coral islands in atoll settings are well documented landforms. Research explaining their 
genesis and the development of heavily vegetated islands is relatively scarce, but heavily 
focussed on by those that research it (Woodroffe, 2008; Webb et al., 2010; Kench et al., 2012; 
Perry et al., 2015).  The development of these landforms over late-Holocene timescales is well 
researched.  There is also a generous research into the development of these islands over more 
contemporary timescales (Kench, 2012; Perry et al., 2011; Beetham et al., 2016).  There is 
uncertainty around the impact climate change will have on low-lying atoll nations.  It is 
ambiguous how they will respond to higher rates of sea level rise and an increase in extreme 
weather events.  The processes leading to coral island formation is well-researched, but the 
significance of aeolian sedimentation on these forms has not yet been considered.  Island 
morphology is currently thought to be closely coupled with sea-level and marine processes 
(Kench et al., 2006).  Aeolian sedimentation could result in accretion well beyond the levels 




This is the first research to consider aeolian processes on equatorial sand cays.  This research 
is also the first to take high-frequency measurements of wind speed and direction on an island 
in an atoll setting.  It was also the first to attempt to quantify active sedimentation on the surface 
of an island, as well as looking into the textural characteristics within the stratigraphy of an 
island with an emphasis on the aeolian component.  This chapter will summarise the findings 
of the work and examine the implications for our understanding of coral cay development. 
 
6.2 Research Questions and conclusions 
 
6.2.1 Research Question 1 
 
What are the transitional forms of a reef island and how do they relate to each other? 
 
There are four distinct stages of island development in Huvadhoo Atoll; (i) patch reefs with 
submarine sediment deposits; (ii) ephemeral sediment deposits which are covered at spring 
high tide; (iii) sand cays which rise above spring high tides and are colonised by early 
successional vegetation species; and (iv) forested islands with stable cores.  These forms are 
all different stages of reef island development, culminating in a stable, forested island.  The 
transitional forms are dynamic – an ephemeral deposit may emerge as a certain shape or on a 
certain position on a reef platform, but it will not necessarily remain in the same position or 
progress towards a stable island form.   
 
Each island form is progressively more stable.  This stability is associated with the colonisation 
of vegetation.  A type (iii) form may be colonised with pioneer plant species but exceptionally 
high spring high tides or extreme over-wash events (storms or tsunamis) can shift the position 
of these forms on a platform and remove all vegetation in the process.  Beach rock was also 
associated with stability.  It fixes the shoreline and acts as an anchor for islands; however, it is 
only encountered once within Huvadhoo lagoon.  Type (iv) islands which are heavily forested 
and have stable cores may still have dynamic margins.  Marine processes are constantly shifting 
the sediments on the reef platforms, so while the beach core remains stable and beyond the 
vertical limit of over-wash the beach is active.  Mahutigalaa exhibited a stable core but that the 




6.2.2 Research Question 2 
 
Does aeolian sedimentation form a distinct sediment facies? 
 
The surface sediments of Maaodegalaa are fine sands that ranged between 0.63 ϕ and 1.74 ϕ.  
This is the only continuous facies on the island.  All samples above the level of wave swash 
must have been deposited through aeolian processes, so the only naturally continuous facies 
are on the surface and is likely to be aeolian.  Spring high tide was measure and the vertical 
limit of wave swash was surveyed during the highest spring high tide during 2018. In addition, 
the surface of the island, outside the vegetated core area, contained ripples and shadow dunes 
which can only form in the absence of over-wash events.  The surface of Maaodegalaa above 
the highest surveyed run-up must primarily be aeolian, assuming that higher than usual over-
wash events could still inundate the island.   
 
The surface of the island, which was likely deposited through aeolian sedimentation, had a 
mean grain size of 1.34 ϕ.  All pits had strata at elevations above the highest recorded spring 
high tide and associated wave run-up.  Assuming that sediment can only be deposited through 
either marine or aeolian processes, it is likely that the sediments above the highest recorded 
run-up are deposited (primarily) as a result of aeolian processes.  Using only sediments of 1.34 
ϕ as an analogue for aeolian sedimentation is not viable as all pits had sediments at least as fine 
as this within the stratigraphy (not including the surface samples).  There are not easily 
distinguishable naturally continuous facies within the stratigraphy so that aeolian strata can 
only be tentatively identified from grain size characteristics.  There are deposits which are 
above the surveyed run-up which are likely aeolian deposits.  However, due to the convex 
profile of Maaodegalaa, as well as the variation in accretion due to island shape, orientation 
and incipient wave and wind regimes it could not be unequivocally confirmed that sediments 
within the stratigraphy were of aeolian origin.  But below spring high tide the sediment is most 
likely to be the related to marine processes, as it is within the reach of over-wash.   
 
A distinct aeolian facies could not be identified using grain size alone.  Surface samples taken 
from Daaodagalaa (above 1.5 ϕ), a sand cay that we know has accreted from marine processes, 
are finer than the majority of Maaodegalaa surface samples.  There was a sorting and 
depositional process which presumably was unique to low-lying sand cays which are over-
washed at spring high tide.  During subsequent visits to Huvadhoo lagoon thin (<1 cm thick) 
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bands of visually coarse sediments were left at the highest reach of swash (pers Comm. M 
Hilton, 2019).  This is likely the cause of variation between fine and coarse sediments within 
the stratigraphy of Maaodegalaa.  However, to identify an aeolian or wave-deposited layer it 
may prove necessary to extend the analysis to focus on other sediment parameters. (e.g. sample 
composition).   
 
6.2.3 Research Question 3 
 
What is the significance of aeolian sedimentation to the accretion of coral islands? 
 
Significant sediment flux was recorded on Maaodegalaa during the Iruvai monsoon (35,848.13 
g/hour/m2 in the lee of the scarp during event 2).  During event 1 there were low levels of 
aeolian sedimentation due to low near-bed wind speeds.  During event 2, high levels of aeolian 
sediment transport was recorded in the lee of a wave-cut beach scarp on the northern coast of 
the island.  The higher rates of sedimentation were caused by flow acceleration over this scarp.  
Without this acceleration, winds during the Iruvai monsoon appear to be too low to initiate 
sedimentation.  The highest winds recorded, which did transport sand, were probably generated 
by surface-based density currents from nearby cumulonimbus clouds.  The sedimentation 
recorded was significant in the context of low-lying coral islands (less than 0.9 m above spring 
high tide maximum elevation). 
 
The observation of sedimentation in the lee of a scarp was largely coincidental.  Previously, 
islands in the Maldives have exhibited ‘seasonal forms’ – where there are distinct forms 
between the monsoons (Kench and Brander, 2006).  There is no true leeward side of a reef 
island like Maaodegalaa on an annual scale.  Sediment can be transported to the centre or core 
of the island during either monsoon.  However, aeolian sedimentation may be more active 
during one of the monsoons.  Seasonal variation in wave regimes may lead to an erosive and 
accretive island form, where there is net accretion or erosion during one monsoon.   
 
There are many factors that lead to significant aeolian sedimentation in this setting.  However, 
the frequency of conditions that lead to aeolian sand transport is unknown.  Aeolian accretion 
may account for a significant stage in reef island development.  The length of this period will 
differ for different islands, and ultimately will be limited by vegetation cover, where increased 
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cover decreases aeolian sedimentation potential (through an increase in surface roughness and 
shelter).   
 
6.2.4 Research Question 4 
 
Can the findings of this research be used to improve or add to the current model coral island 
development? 
 
Models of island development before this research described the emergence of sand cays above 
the maximum high tide as a sequence of events, where a bare ephemeral sand surface is 
colonised by an early successional species.  This research proposes a model where aeolian 
sedimentation and plant colonisation interact to cause island accretion.  The initial ephemeral 
surface provides an environment conducive to seed germination.  The increase in surface 
roughness from vegetation colonisation also promotes accretion through growth of aeolian 
landforms.  This model is independent of sea-level of decadal time scales.  The period which 
aeolian accretion and plant colonisation occur simultaneously is unknown but is likely on a 
short temporal scale (less than 10 years).  It is also likely that this period is significant to island 
development.   
 
6.3 Limitations and recommendations for further research 
 
This research was the first of its kind in an atoll setting.  When analysing the textural 
characteristics of sediment samples, the Folk and Ward statistics were analysed, as well as the 
fine and coarse tails of the distribution.  Within the stratigraphy aeolian facies could not be 
unequivocally identified, because intertidal and likely aeolian sands have similar grain size 
distributions.  There may be a clear signature of an aeolian or marine deposited sediment if the 
composition, as well as the Folk and Ward statistics were analysed.  It is likely that larger, disc 
shaped particles such as Halimeda, Foraminifera and shell cannot be entrained by wind and 
they help distinguish intertidal from aeolian sediments.  However, due to the large volumes of 
samples and time constraints this could not be achieved in this study.   
 
There are seasonal wind and wave regimes and reported seasonal forms of islands ref.  Aeolian 
sedimentation and aeolian accretion may only occur during Iruvai.  High-frequency 
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measurements of near bed flow should be taken in Hulhangu monsoon for a further 
understating of the significance and the role aeolian processes.  This was outside of the scope 
of this research due to the remote study site but replicating this research during Hulhangu would 
prove to be invaluable to resolve questions that this study was unable to answer.  Studies on a 
wider range of island orientations and shapes, while still at the same level of development of 
Maaodegalaa would also be beneficial.  A long term (1 – 2 year) deployment of basic weather 
station (wind speed, wind direction, temperature, relative humidity, rainfall etc.) on 
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A first evaluation of the contribution of aeolian sand transport to 
lagoon island accretion in the Maldives 
 
Appendix A contains a paper written and published using data collected during 
the same field visit as this research.  The paper focusses on the sedimentation on 
the surface of Maaodegalaa, and Chapter 4 of this thesis draws the same 
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A B S T R A C T 
 
Aeolian sedimentation and dune development have not been reported from coral atolls at equatorial latitudes. 
This study presents high-frequency measurements of incident and near surface wind flow and aeolian sand 
transport on a lagoon sand cay (Maaodegalaa) in the Maldives. Sonic anemometers and Wenglor™ particle 
counters were operated at 1 Hz for 8 days during the Iruvai monsoon in February 2018. Sand traps were de - 
ployed to estimate sand flux and island topography and vegetation cover were surveyed using UAV (un-manned 
aerial vehicle) photogrammetry and a laser level (in 2017 and 2018). Flow over beach scarps is modelled using 
computational fluid dynamics. 
Maaodegalaa sand cay reaches just 0.9 m above the highest spring high tides. Nebkha, between 0.10 and 
0.40 m high, are widespread and are associated with Scaevola taccada and Cyperus conglomeratus. Between 2017 
and 2018 the eastern section of the sand cay accreted 0.3 m following Cyperus colonisation. Reptation and 
aeolian ripple development occurred during fieldwork when near-surface flows exceeded 6 ms−1. Saltation 
occurred at higher wind speeds (8 ms−1). The highest rates of sand transport occurred during north-east incident 
winds of 12 ms−1 (at 6 m), that were probably generated by surface-based density currents under cumulonimbus 
clouds. Spatially, higher rates of sand transport were recorded downwind of a beach scarp, probably forced by 
flow acceleration. We propose a conceptual model of lagoon island formation, with both over-wash and aeolian 
sedimentation contributing to island accretion. A period of aeolian sedimentation may be critical to the emer- 







The Maldives is host to approximately 1200 islands located on reef platform surfaces, of which 200 
are inhabited (Kench, 2011). The is- lands are found in two distinct depositional contexts: on the 
peripheral reef rim of atolls, where the largest islands are situated, and on atoll lagoon reef platforms. All 
islands are composed of carbonate sand and gravel derived from the surrounding reef. They are typically 
small in aerial extent and have a mean elevation of less than 1 m above sea- level. Studies of the 
formation of reef islands in the Maldives have primarily focussed on lagoon islands an d have shown the 
islands are mid-Holocene in age, having accreted vertically as the reef platform grew (Kench et al., 2005; 
Perry et al., 2012). The formation of the larger 








vegetated islands occurred during the latter stages of Holocene sea-level rise and its subsequent fall to 
present level (Kench et al., 2005; East   et al., 2018). However, the processes that lead to the 
emergence of lagoon sand cays above the limit of tides, and the formation of stable islands, both in the 
Maldives and atolls elsewhere, have not been re- solved. 
The precondition for island formation, the accumulation of sand as a subtidal sand cay, results from 
wave processes that transport sediment across the reef flat to a nodal depocentre (Gourlay, 1988; 
Mandlier and Kench, 2012). Swash processes subsequently control the vertical limit of island building in 
many reef locations worldwide (e.g. McKoy et al., 2010). In the Maldives, sediment transport fluxes are 
modulated by seasonal energy gradients, with rapid morphological adjustments 
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Fig. 1. The study site is a coral sand cay in the southern section of the lagoon of Huvadhoo Atoll in the southern Maldives. Long-term climate data reported is from 
Kaadedhdhoo Airport and tidal predictions are from Kolamaafushi Island. The satellite image is courtesy Google Earth (19th February 2014). 
 
occurring in response to monsoonal reversals in wind and wave patterns (Kench and Brander, 2006). At 
the event scale, extreme waves also impact the islands. For example, the 2004 Sumatran tsunami 
promoted minor island erosion, but also transferred sediments from beaches to island surfaces. This 
overwash was able to vertically build the margins of reef islands by up to 0.3 m (Kench et al., 2006a,b). 
The potential for aeolian processes to contribute to island formation in the Maldives has not been 
recognised or assessed. In general, the role of aeolian processes and their potential contribution to island 
formation in the humid tropics has been underestimated (Hesp, 2008). At lower latitudes, in the southern 
Indian Ocean, aeolian sedimentation has been 
shown to contribute to coral island topography, including the Glorioso Islands  (Bayne et al., 1970); 
Tromelin Island (Marriner et al., 2010); the Chagos Group (especially Diego Garcia; Stoddart and Taylor, 
1971); and the Cocos (Keeling) Islands (Woodroffe and McLean,1994). A variety of dune forms are 
reported, including transgressive and sheets, parabolic forms and nebkha. Nebkha are low dunes, 
convex in profile, formed around vegetation (Melton, 1940). Larger, transgressive dunes reach 11 m in 
elevation on South Island in the Cocos (Keeling) Islands (Woodroffe, 2008). Parabolic dunes and 
blowouts are also found in the western Indian Ocean mid-latitude (10°–25° S) and these are closely 






Fig. 2.  (A) Wind rose and (B) mean monthly wind speed and maximum monthly wind speed at Kaadhedhdoo Airport (Maldives Meteorological Service, 9 am data,   
10 m mast, 1991–2008). 
 
(Schotte and McCreary, 2001). On Tromelin Island wind speeds ex- ceeding 8 m s1 are contained in a 
narrow directional window between 100° and 140° (Marriner et al., 2010). In contrast, the equatorial 
region of the Indian Ocean, including the Maldives, is an area of relatively low mean wind stress and 
aeolian sedimentation has not been reported. Indeed, several conditions combine to lower expectations 
of aeolian activity including the equatorial climate (high humidity, high rainfall, low reported wind speeds); 
low topography and narrow beach width; and dense vegetation cover on many established islands. 
This study arose from the observation of aeolian ripples, shadow dunes and nebkha on 
Maaodegalaa sand cay by the authors during fieldwork in February 2017. Considering most lagoon sand 
cays are little more than 1 m above the reach of spring tides, any dune devel- opment may significantly 
contribute to island relief. Remarkably, the key process mechanisms that build islands above sea-level, 
including the development of a stable cay surface, which can then be colonised by plants, remain to be 
investigated. Sand cays and islands occur in a range of forms in the atoll lagoons of the Maldives, 
from submerged sand 
cays, to recently emerged cays colonised by early successional vegeta- tion, to stable and forested 
islands. The current paper reports the first measurements of aeolian sedimentation in the Maldives on a 
low-lying sand cay (Maaodegalaa) in Huvadhoo Atoll. We aim to (i) measure incident and near-surface 
wind flow and associated aeolian sand transport over a recently emerged sand cay; (ii) examine spatial 
var- iations in patterns of sedimentation, particularly processes of flow ac- celeration and sediment 
transport over beach scarps; and (iii) consider the implications of aeolian sedimentation for island 
formation. 
 
2. Regional setting 
 
The Maldives comprises a double chain of atolls which extends al- most 900 km, from 6° 57′ N 
latitude, to just south of the equator (0° 34′ S latitude). Huvadhoo atoll, just north of the equator, is the 
largest atoll in the Maldives (Fig. 1), with an area of 3279 km2 and maximum di- mensions of 80 km (north–





Fig. 3. Location of surveyed transect lines 
(A-C) on Maaodegalaa sand cay, anem- 
ometer mast (5.53 m), benchmarks, and the 
sites instrumented during the two wind 
events reported. The extent of the two main 
plant species, Scaevola taccada and Cyperus 
conglomeratus (vigorous and moribund); and 
the back-beach scarp cut by spring high tides 
(following spring high tides on the 31st 
January 2018) are mapped. The inset wind 
rose (0900 hrs observations, 1991–2008 at 
Kaadedhdhoo Airport) indicates the north 
coast of the sand cay is relatively exposed to 














Fig. 4. UAV aerial oblique view of Maaodegalaa Island (looking to the west) showing instrumented areas during Event 1 (site 1, 28th January 2018) and Event 2 (site 
2, 1st February 2018); and the location of the anemometer mast (adjacent to the sun umbrella) for the period 27th January to 3rd February 2018. 
 
channels. The atoll lagoon, which attains water depths of 80 m, con- tains (i) patch reefs and (locally) 
‘faros’ (donut-shaped reefs with a central depression); (ii) patch reefs with ephemeral sand deposits cov- 
ered at spring high tide; (iii) sand cays on reef platforms that rise above the reach of spring high tides, 
and which have an early successional vegetation cover (locally ‘finolhu’); and (iv) forested islands. The 
la- goon contains 71 patch reefs and 25 faros. A further 39 islands are long established, as indicated by 
a tall forest cover. Sand cays occur on 30 of the lagoon platforms – of which 27 appear to be overwashed 
by waves at high tide (as suggested by the absence of vegetation and wrack in aerial photographs and 
satellite images) and three are emergent and vegetated. The vegetation type on these sand cays is early 
successional 
– primarily the shrub Scaevola taccada and the sedge Cyperus conglom- 
eratus. Maaodegalaa Island is an example of the emergent sand cay type. 
Comparisons of recent satellite imagery indicates the position and plan 
form of submerged and vegetated sand cays is highly dynamic. 
Maaodegalaa, for example, has only occupied its current position  for  8 





All lagoon sand cay and island forms in Huvadhoo Atoll are com- posed of sand-size carbonate 
sediments, primarily fine to medium coral sand (Liang et al., 2016). Sand cays are perched on the near-
level reef platform surface, which allows islands to shift position on the platform in response to variations 




Fig. 5. Site 1 instrument layout during Event 
1 (from 1800 h, 28th January 2018). The 
Wenglor particle counters were oriented at 
288° prior to the event, 033° from normal to 
the average incident wind for the event 
(321°). The wind rose indicates wind speed 
and direction at A1 (5.53 m). The values in 
the sand trap symbol indicate the weight (g) 
of sand trapped in the period 1500 h on the 

















Fig. 6. Site 2 instrument layout during Event 2 (1300 h, 1st February 2018). The wind rose represents incident wind speed and direction at A1 (5.53 m). The values in 





2017). The fully vegetated islands have a forest cover of plantation  (Cocos 
nucifera) and/or native tree species (e.g. Pisonia grandis, Calo- phyllum 
inophyllum), and are relatively stable in position on the plat- form. 
The wave and wind regime of the Maldives is dominated by the Indian Monsoon Reversal (Fig. 2A). 
Tropical cyclones are rare and mainly affect the northern atolls. Only five cyclones have occurred 
between 0° and 5° N latitude, at 73° E longitude, since 1945 (http:// www.nhc.noaa.gov/data). Strong 
seasonal wind patterns are associated with the east-northeast (Iruvai) monsoon (December to March, 
045° − 
090°), and the southwest (Hulhangu) monsoon (April–November, 225−315°). Mean wind speeds at 
Kaadedhdhoo Airport on the western rim of  Huvadhoo  Atoll (at  9am) are  3.08 m s 1 during  Hulhangu 
and 
2.45 m s1 during Iruvai (Fig. 2b). Data on the maximum near-ground wind speeds in Huvadhoo Atoll is 
poor, but indicates that there is little difference between average monthly and average maximum monthly 
(9 am) wind speeds. Average maximum monthly (9 am) wind speeds are just 2 m s1 higher during the 
Hulhangu. Precipitation increases from north to south as the influence of the monsoon decreases (Storz 




Fig. 7. Spring high tides during the period of field- 
work eroded the base of a pre-existing beach scarp 
(mapped in Fig. 3). This photograph shows the 
presence of ripples and shadow dune features along the 
edge of the terrace behind the scarp. The pho- tograph 
(on Profile B) was taken on the 28th Jan- uary 2018. 
The highest spring tide on the 1st Feb- ruary 
















2651 mm, with the lowest rainfall (50–100 mm/month) occurring in the Iruvai months of February and 
April and with rainfall of between 150 and 250 mm during the rest of the year (Gan data, 2000 –2018, 
Maldives Meteorological Service). 
Waves in the lagoons of the Maldives atolls are both locally gener- ated, fetch-limited waves, and 
distance-source swell that propagate into the lagoon through channels between the rim islands. On a 
seasonal basis, swell propagates from the southeast from December to February (Hulhangu) and is 
characterised by significant wave height and period of approximately 1.2 m and 8.5 s, respectively. 
During April – November (Iruvai) swell propagates from the south and is characterised by longer wave 
period (10.5 s) and a significant wave height above 
1.5 m, peaking at 1.95 m in July (Kench et al., 2006a,b). Maaodegalaa is situated close to a gap in the 
rim of Huvadhoo Atoll, and is likely affected by the prevailing southerly swell, but is relatively sheltered 
from short period waves within the lagoon by the rim islands to the west. Conversely, Maaodegalaa is 
relatively exposed to lagoon waves from the northeast.  
Surface waves result in occasional island inundation. Long period swell events, driven by high 
latitude storms, resulted in rim island in- undation in the southern Maldives in 1987 and 2007 (Harangozo, 
1992). Wadey et al. (2017) examined two significant flood events that resulted in island inundation in the 
Maldives (10th –13th April 1987 and 15th – 17th May 2007). They concluded that coastal flooding in the 
Maldives is most likely to occur during long-period (up to 20 s) en- ergetic waves generated in the 
Southern Ocean combined with spring tides. A swell event affected the southern atolls of the Maldives 
on the 20th and 21st April 2018, when an intense low-pressure system lay 1000 km to the southeast of 
the Maldives (Maldives Meteorological Service Advisory issued 26th April 2018). Finally, the Indian 
Ocean 2004 tsunami inundated the eastern margins of rim and lagoon islands in South Maalhosmadulu 
Atoll, depositing sand sheets on island sur- faces to a maximum depth of 0.3 m (Kench et al., 2007). 
Tides in the study area are semi-diurnal with a spring tide range of 1.2 m. There is little to no potential 
for pressure-forced storm surge, since sea-surface atmospheric pressure only varies 2–3 hPa around 
the mean pressure (1010 hPa) (Kaadedhdhoo Airport hourly data, 2012 – 2016, Maldives Meteorological 
Service). 
 
3. Materials and methods 
 
The current study reports observations and measurements of aeolian 
 
sedimentation on Maaodegalaa sand cay, Huvadhoo Atoll, over an 8- day period in February 2018 during 
the northeast monsoon and island accretion and dune development over a 12 month period (January 
2017 
– February 2018). The lagoon islands of the Maldives are comprised of 
biogenic materials (Liang et al., 2016) but there was no existing in- 
formation on the textural characteristics of Maaodegalaa. Surface se- 
diment samples (0–0.05 m) were collected by hand around the island 
from the beach toe (n = 18), mid-tide level (n = 18), and across the 
supra-tidal island (n = 58). Samples were washed, split and analysed, 
using a Beckman Coulter LP13320 Laser Particle Analyser. 
Sea-level was recorded continuously during fieldwork using a single RBR Duet pressure transducer 
approximately 80 m northeast of Maaodegalaa sand cay on the reef platform. Local, fetch-limited waves, 
formed within the lagoon, were not directly measured, but short-period (2–5 s) breaking waves, primarily 
from the north, did not exceed 0.3 m at high tide. Island morphology was surveyed in February 2017 and 
February 2018, using a Sprinter auto level, unlike marked transects (A–C, Fig. 3), with all points (and the 
RBR data) reduced to a common vertical datum (WGS84 EII) established using a Trimble RTK-GPS. 
Three-dimensional island morphology, and an orthomosaic of the island surface, were derived from UAV 
(Phantom-3 Advanced) imagery using Drone-deploy™ flight control and PIX4D™ post-processing 
software. Ground control points were not used to georeference the orthomosaic – the internal GPS of the 
UAV was used for positional accuracy. The re- lative accuracy of the derived elevations, ± 10 cm, was 
estimated by comparing the contours derived from the UAV photogrammetry with profile elevations. 
Observations of incident and near-bed wind flow and associated 
sedimentation were made between the 27 thJanuary and the 4th  February 2018 at two sites on the sand 
cay (Figs. 3 and 4). Incident wind was measured above the cay on a 5.5 m mast. Wind speed and direction 
were recorded (at 1 Hz) using Gill Windsonic-2D sonic an- emometers and Campbell CR1000 data-
loggers. Velocity profiles de- rived during the first four days of fieldwork (when the mast supported 
anemometers at 0.05, 0.50 and 5.53 m) indicate the highest anem- ometer was located above the 
boundary layer. Sediment transport as saltation was recorded using Wenglor™ laser particle counters  
with the laser set at 0.01 m above the bed, anticipating particle transport rates well below 700 Hz (Bauer 
et al., 2018). Total near-bed sand flux was determined by deploying a network of swinging sand traps 
(described in Hilton et al., 2017) positioned 1 cm above the bed. 






Fig. 8. (A) The topography of Maaodegalaa derived from UAV photogrammetry (30th January 2018) relative to spring high tide; and (B) an interpretation of aeolian 
features. Nebkha along the southern margins of the island are associated with Scaevola. Smaller nebkha, associated with Cyperus, extend to the east of the island core 
vegetation and (to a lesser extend) occur with Scaevola along the south coastline. Aeolian ripples were observed on all unvegetated surfaces, particularly the western, 
eastern and northern unvegetated surfaces. 
 
with a gently-sloping convex profile, c. 0.50 m above spring high tide and 0.20 m above the surveyed limit 
of wave swash at spring high tide (Fig. 4). The area was cleared of wrack and raked smooth on the 27th 
January after instruments were installed. The unvegetated fetch to the northwest  of the instrument array 
was 60 m. A community of Cyperus, a 0.3–0.4 m high plant with a tussock growth form, was located 30–
40 m to the west of the mast. Instruments and sand traps were arranged in lines at 90° (043° relative to 
true north) to the forecast wind direction during the first few days of the deployment (Fig. 5). 
Site 2 was at the north-western end of the island on a flat terrace bounded by back-beach scarps 
to the southwest and north (Figs. 4 and 6). This scarp was observed on arrival on the island on the 27th 
Jan- uary, but it was refreshed during spring high tides that reached their maximum elevation on the 1st 
February 2018. The instruments and sand traps at site 1, with the exception of the mast and anemometer 
A1 (5.53 m), were shifted to site 2 on the 1st February. A Wenglor (B2) and anemometer (B1) were located 
9 m from the edge of the scarp along the northern side of the island. Fortuitously the incident wind direction 
on the afternoon of the 1st February crossed the scarp at an angle of 023° 
and close to normal (95°) to the long-axis orientation of Wenglor B2. The remaining instruments were 
installed in the lee of a line of Scaevola and were relatively sheltered from onshore winds during a second 
wind event. 
During fieldwork we hypothesized that back-beach scarps (Fig. 7) were accelerating wind flow and 
enhancing sedimentation. We noted the presence of a strip of rippled fine sand adjacent to and downwind 
of the beach scarp along the north coast of the sand cay, which we rea- soned was a depositional surface; 
but not an overwash surface, since it was free of wrack. Two-dimensional Computational Fluid Dynamic 
(CFD) simulations of wind flow were subsequently undertaken over the scarped (Profile B, Fig. 3) and un-
scarped (Profile C) transects across the island to examine the influence of the beach scarps on near-bed 
flow acceleration. We employed SIMPLE discretisaton scheme and the solver ANSYS Fluent™. A mesh 
density study was undertaken with a final mesh of approximately 500,000 cells. The smallest cell employed, 
closest to the ground, was 0.02 m. The two-equation Renormalisation Group (RNG) k-ɛ Reynold Averaged 




Fig. 9. Profiles A-C surveyed across 
Maaodegalaa in January 2017 and February 
2018 (Profile A only) (located in Fig. 3). Areas 
of high topography are associated with small 
nebkha (X, see Fig. 10B) and larger nebkha 
formed in association with Scaevola taccada 
(Z, see Fig. 10C). Between January 2017  and  
February  2018  the eastern terrace of the 
island, formerly un- vegetated, accreted  in 




















symmetry boundary condition and pressure outlet. The 8 m s1 incident wind profile was developed in a 
separate simulation over sea of roughness height value of 0.0125 (Perianez, 2004). The bottom surface 
was the island covered in sand with sea either side. The profile transect was taken at low tide, from the 






The island is composed of fine to medium, moderately-well sorted, reef carbonates. Surface 
samples from the reef platform, obtained ap- proximately 5 m from the toe of the beach, are relatively 
coarse and less well sorted (mean grain size = 0.42 +/- 0.65 phi units), compared with the intertidal beach 
at mean tide level (0.96 +/- 0.57 phi) and the supratidal island surface (1.34 +/-0.51 phi). Visual 
inspection of the sediments indicated they were composed of almost entirely of coral species, with 
Halimeda sp. and Foraminifera sp. detritus comprising a small proportion of intertidal and beach toe 
samples. Most of the grains were semi-spherical, but angular. Whole clasts of Helimedia were found in 
samples from the beach toe but were not found in supratidal samples. Estimates of bulk density for 
samples taken above spring high tide average 1.60 g cm3, which is 60 percent of the density  of  quartz  
(2.65 g cm3). 
 
4.2. Sand cay topography and aeolian features 
 
The highest point on Maaodegalaa sand cay is approximately 0.9 m above spring high tide and 0.7 
m above the limit of wave swash at spring high tide on the 1 February 2018 (Fig. 8). The spring high tides 
from the 31st January to the 2nd February were the highest tides ex- perienced   during   2018  
(Kolamaafushi  tide   tables, 65 km  north  of 
Maaodegalaa, Fig. 1), and only 0.01 m below the highest  astronomical 
spring high tides. The highest parts of the island are vegetated (Fig. 8), with communities dominated by 
Scaevola or Cyperus, except for a low (unvegetated) ridge (0.30 m high) to the east of the Cyperus 
community. A central ridge, oriented north-west to southeast, and parallel to the long axis of the island, is 
associated with Scaevola (Profile A, Fig. 9). A second line of Scaevola, comprising lower and probably 
younger plants (< 1 m), associated with nebkha, runs parallel to the central  ridge along the south coast 
of the island. 
Nebkha occur in two forms: (i) small discrete nebkha formed with individual specimens of C. 
conglomeratus; and much larger nebkha formed around Scaevola along the southern shoreline (Fig. 9). 
The former occur on surfaces recently colonised by Cyperus and form small isolated pedestals of sand 
trapped within the tussock growth form of this species. Individual nebkha are small, barely 0.40 m wide, 
and less than 0.40 m high (Fig. 9A). But they are widespread across the eastern half of the sand cay and 
south of the main areas of Scaevola (Fig. 8). These dunes, aeolian ripples and shadow dunes, were 
observed during our first visit to Maaodegalaa in January 2017 (Fig. 10). The mor- phology and 
orientation of the larger nebkha – the long axis is oriented southwest to northeast – suggests sediment 
transport and dune forma- tion occurred during southwest winds. 
Two areas, to the west and east of the core of the sand cay, accreted between fieldwork in January 
2017 and February 2018 (Fig. 9). Cyperus conglomeratus established in both of these areas in late 2016 
and were present as seedlings in January 2017, which had matured by February 2018 (Fig. 11). We 
surmise that aeolian sedimentation contributed to this accretion since there was no evidence of fresh 
wrack within the Cyperus community in February 2018, which would indicate overwash. The “high” ridge 
evident in Fig. 8, which lies at an oblique angle to the northeast shoreline, 0.20–0.30 m high, is the only 
elevated surface not associated with vegetation. 
The current form and location of Maaodegalaa on the reef platform established between February 






Fig. 10. Aeolian features on Maaodegalaa sand cay in February 2017: (A) 
aeolian ripples and shadow dunes formed in the lee of wrack (flow right to left, 
north to south); (B) minor nebkha (height < 30 cm) associated with Cyperus 
conglomeratus; and (C) larger nebkha (height < 50 cm) associated with 
Scaevola taccada (near the western end of the island). 
 
form and position on the reef platform since 2013, although the su- pratidal area of the island has reduced 
since 2016. Prior to 2013, be- tween the first available satellite image (2006) and 2014, the island 
experienced major changes in location, form and vegetation cover. The centre of the sand cay in 2010 
was located over 50 m to the north of the current midpoint, although there is some overlap between the 
foot- prints of the cay in 2010 and 2018. Consequently, elements of the to- pography of the current cay 
are likely to be inherited from periods when the island had a different plan form and exposure to waves 
and incident winds. The potential for aeolian sedimentation and dune de- velopment must have also 
changed as the dry sand fetch (relative to the current vegetated island core) has changed. In 2006 the 
sand cay was unvegetated. This fetch extended further to the north in 2010 and to the 
west in 2016. The cay in February 2018 was narrower and more elongated, compared to its form in 2014. 
The vegetated core of the cay has been stable only since 2014 (or since the cay was recolonised by 
vegetation after the cay migrated south between 2011 and 2013). The unvegetated ridge referred to 
above is an anomaly – all other elevated areas comprise nebkha formed in association with vegetation. 
It may be a relict feature inherited from an earlier island configuration and ve- getation cover. Finally, we 
assume, but have not verified, that the ve- getated core of the island accreted by a combination of aeolian 
and overwash deposition. 
Wrack is scattered across the eastern half of the island (Fig. 10A), at elevations up to 0.5 m above 
spring high tide and 0.3 m above the observed limit of swash. This material comprises plastics, fishing 
and household items, as well as seeds (with coconut husks conspicuous) and other natural organic debris. 
Wrack is not present across the western half of the island, including the area of larger nebkha along the 
south coast of the island (Figs. 10 and 11d). The low terrace east of Profile B must be subject to 
occasional inundation, given the presence of rela- tively fresh wrack. This wrack introduces a significant 
roughness ele- ment to the surface resulting in shadow dune development. It also contains the seed of 
early successional marine-dispersed plants (such as Cyperus conglomeratus), which suggests sand cay 
accretion results from a combination of wave overwash, plant colonisation, aeolian sedi- mentation and 
dune develop. 
 
4.3. Incident and near-surface wind flow 
 
The mean incident wind speed at A1 (5.53 m) during the 8-day in- strument deployment was 4.55 
m s1. The highest speed recorded was 
12.84 m s1; however, wind speed generally ranged between 1 and 7 m s1 and it was only momentarily 
calm on the 31st January. Wind direction was generally from the northwest to the northeast (Fig. 12), 
consistent with the Iruvai monsoon, apart from a period of low-speed southwest wind (31st January). 
Two periods of high wind speed were recorded – hereafter ‘Event 1′ and ‘Event 2′. Each lasted about 
60 min – Event 1 commenced around 2000 hrs on the 28th January and Event 2 around 1300 hrs on 
the 1st January 2018 (Fig. 12a–c). Abrupt increases in wind speed occurred during each event, 
accompanied by changes in incident wind direction. During the first event wind speed at A1 in- 
creased by approximately 7 m s1 to 12.84 m s1, with a direction at the time of the peak wind of 
approximately 340° and then shifting to northerly (020°) later in the event, a shift in wind direction of 
ap- proximately 40° (Fig. 13). During Event 2, the wind speed at A1 in- creased by approximately 8 
m s1 to 11.45 m s1, from a bearing of 020° with a net change in wind direction during the event of 75° 
(Fig. 14). The equatorial and isolated location of Maaodegalaa sand cay means that most weather 
systems or terrain-generated phenomena are unlikely candidates for generating these wind events, 
leaving moist convective activity as a potential cause. Satellite imagery and satellite- derived rainfall 
products (e.g., NOAA CPC Morphing Technique – CMORPH data, not shown here) identified 
convective activity and rainfall near Maaodegalaa during both events. Specifically, for Event 1 there 
were isolated storms in the area and rainfall detected two hours before and a few hundred kilometres 
to the north of Maaodegalaa. For Event 2 the satellite images show a large convective complex ap- 
proaching Maaodegalaa from the northeast, and we photographed large and classic cumulonimbus 
clouds close to the island at the time of the 
event. 
Precipitating convective clouds produce surface-based density cur- rents (or ‘cold pools’) associated 
with the evaporation of rainfall and are prominent features of thunderstorm environments (e.g., Houze, 
2004a,b, and the references therein); can typically have wind strengths of 10 m s 1; and can travel for 
significant distances if unimpeded by topography – especially when generated by mesoscale convective  
sys- 
tems. It is likely that cold pools are responsible for the wind shifts measured during Events 1 and 2. First,  






Fig. 11.  UAV images of Maaodegalaa in January 2017 (courtesy Eddy Beetham) and March 2018. Areas of accretion on the eastern terrace and the western margins   
of Maaodegalaa are associated with Cyperus conglomeratus and the formation of Cyperus nebkha over a 13 month period (January 2017–February 2018). 
 
wind perturbations are consistent with other studies of tropical cold pools (e.g., Feng et al., 2015). 
Second, the direction of the wind shift is consistent with propagating cold pools originating from the 
locations of the satellite-observed rainfall relative to Maaodegalaa. Third, (low quality) temperature 
measurements (Campbell CR1000 dataloggers used during fieldwork) identify distinct reductions  in 
temperature of  3 °C at the time of the wind shift (not shown). Finally, following the passage of the 
strongest part of each shift there is a notable reduction in wind variability (gustiness), signifying a change 
in air mass, which is consistent with the stabilisation of the boundary layer following the passage of a cold 
pool. However, without additional high-quality measurements (temperature, pressure, and relative 
humidity) it is im- possible to determine unambiguously whether these features resulted from 
thunderstorm-generated cold pools. 
4.4. Aeolian sand transport during Events 1 & 2 
 
Saltation was observed in each of the experimental areas during the two periods of high wind speed 
described above. During Event 1 the incident wind crossed a dry unvegetated sand surface with a fetch 
length of 50 m (Fig. 5). The fetch decreased to 20 m as the shore-par- allel incident winds shifted towards 
the north and became less oblique onshore. Wind speed exceeded 12 m s1 at A1 (5.53 m) and 6 m s1 at 
ground level (B4, 0.05 m) during the event. Wind direction shifted from 290° at the commencement of the 
event to 340°. Saltation was poorly developed and the Wenglor particle counters recorded low counts (< 
8 counts s 1). Wenglor A2, located closer to the north coast of the island (Fig. 5), recorded somewhat 
higher counts (Fig. 15). Sand transport occurred primarily as reptation during this event,  since  ripples  
(length = 0.12 m,  amplitude = 0.03 m)  and  shadow  dunes  formed 






Fig. 12. Maaodegalaa (A) wind speed; (B) relative wind direction; and (C) wind direction (true north); and (d) wind rose, for the period 27th January to the 3rd 
February 2018 (at 5.53 m (A1) on the mast). 
 
recorded by the Wenglors and small quantities of sand was trapped in the swinging traps (0.10–0.73 g, 
Fig. 5). These traps were set 0.01 m above the bed, so the derived flux for the duration of the event (if 
we assume sand transport only occurred during Event 1) ranged between 
65.75 and 479.95 g/hour/m2. 
Higher levels of saltation were recorded by the Wenglor particle counters during the second wind 
event (0–160 counts s1) (Fig. 16). Maximum incident wind speeds (measured at 5.53 m (A1) on the mast) 
were lower during Event 2 (11.6 m s1 compared with 12.8 m s1 for Event 1), however, near bed (0.05 m) 
wind speeds recorded during this event were higher (8 m s1 compared with 7 m s1 for Event 1). The line of 
Scaevola shrubs bordering Site 2 sheltered the more inland instruments during this event (Fig. 6). 
Wenglor B1, situated in the lee of Scaevola shrubs, recorded virtually no sedimentation. Significant 
quantities of sand (3.48–32.87 g) collected in the three exposed sand traps, west of the line of Scaevola 
shrubs, during the 20 min deployment. In contrast, traps in the lee of Scaevola collected virtually no sand 
(Fig. 6). The average sand flux downwind of the beach scarp was 35,848.13 g/hour/ m2, but only 295.86 
g/hour/m2 in the lee of the Scaevola (between 1300 and 1320 h and assuming a constant rate of 
sedimentation). These are significant flux rates given the environmental setting, and they demonstrate 
the potential for winds crossing the sand cay to transport sand onshore. 
 
4.5. Flow structure over the beach scarp 
 
The two wind events described were distinctive periods of  speed-up during an 8-day period of low 
to moderate speed incident winds. We hypothesize that the differences in the rates of sedimentation 
measured during the two events are related to the upwind topography – specifi- cally flow acceleration 
over the beach scarp along much of the north coast of Maaodegalaa (Fig. 3). This scarp was present 
throughout the 8- day deployment but was actively scarped during spring high tides from the 31st January 
to the 2nd February 2018. Wind velocity contours, derived from the CFD analysis, for the first 10 m above 
the island, are shown in Fig. 17. Accelerated flow over the scarp is characterised by a 
low velocity zone at the toe of the scarp and high velocity zone after the 
scarp. The model suggests that this high speed 
region extends in the direction of flow and moves away from the island surface, in a jet-like structure 
(as reported by Piscioneri et al. (2019). These structures are seen over larger dunes (Hesp et al., 2009; 
Hesp and Smyth 2016) and although the vertical scale here is much smaller the effects are amplified by 
the abrupt changes in slope at the toe and top of the scarp. 
Derived wind velocity profiles at 1 m from the scarp edge indicate there is a considerable difference 
between scarped and un-scarped morphologies (Fig. 18). The influence of the accelerating flow landward 
of the scarp and the low velocity zone beneath this flow are evident. 
The wind velocity for the scarped profile only approaches that of the un-scarped wind velocity profile 
at elevations above 5 m (Fig. 18a). At 10 m landward of the scarp, the wind velocity for the scarped 
profile reduces to that of the un-scarped profile (Fig. 18b). For profile C (un- scarped) the gentle slope 
of the island means there is only a small in- crease in wind velocity across the beach, but no speed-up 
jet over the surface, with a consistent wind velocity profile at 1 m and 10 m, until the flow crosses the 




The current paper presents the first high-frequency observations of wind flow and aeolian 
sedimentation in the Maldives during the Iruvai Monsoon. In general, these winds did not generate near -
bed flows of sufficient speed to transport sand. However, the experimental period was punctuated by two 
high wind speed events that generated near-bed speeds in excess of the sediment threshold and we 
measured saltation and observed the formation of aeolian ripples and shadow dune forms. We 
hypothesize sand transport by wind was higher during Event 2 because of flow acceleration over adjacent 
ephemeral beach scarps. CFD analysis supports this interpretation by indicating significant ac- celeration 
over the surveyed scarp. Such scarps are a common feature of beaches (Sherman and Nordstrom, 1985) 
and widely reported in atoll settings (e.g. Rankey, 2011). On Maaodegalaa, they appear to form or be 
refreshed on the windward side of the island at spring high tide. 






Fig. 13. (A) Wind speed; (B) wind direction (adjusted); (C) wind direction (relative to true north) at 5.53 m (A1, mast) and at 0.05 m (B1, base of mast) during wind 
Event 1 (28th January 2018). 
 
forming on the southern and western margins of the island during the Hulhangu and on the northern side 
during the Iruvai. Scarping may allow sediment to be eroded and transported towards the core of the 
island during either monsoon, even when incident winds are below 8 m  s1 at the bed. In this way there 
is a fortuitous coincidence of on- shore incident wind, local wave development and scarp formation during 
spring high tides during each of the monsoons. It follows that there must be significant periods when 
these conditions are not met, and aeolian sedimentation as saltation does not occur. 
Surface-based density currents under cumulonimbus clouds prob- ably generated the near-surface 
flows that initiated the measured aeo- lian sedimentation during the two events described. This 
phenomenon has not previously been associated with aeolian sand transport in an atoll environment, but 
is well documented in continental settings (e.g. Wilson et al., 1984). The record of high-frequency wind 
flow data is brief (only 8 days), and further work is required to determine the magnitude -frequency 
characteristics of these flows. It may be that the frequency of cumulonimbus cloud formation is more 
important than seasonal shifts in wind direction and speed associated with the Iruvai and Hulhangu, 
given ambient wind speeds during both monsoons may be below the critical sand transport thr eshold. In 
this regard statistical 
representations of the annual wind regime, as a wind rose, for example (Fig. 2), for example, may 
misrepresent the relative importance of the Hulhangu and Iruvai monsoons if cumulonimbus cloud 
formation is critical to aeolian sedimentation. Further observations are necessary to explore the 
frequency of surface-based density currents and a weather station was installed on Maaodegalaa sand 
cay in February 2019 to examine this process. 
The occurrence of aeolian sedimentation on Maaodegalaa sand cay raises the question of the role 
this process plays in the formation of islands. Established and densely vegetated islands in Huvadhoo 
Lagoon may well have formed during a period of sea-level fall during the late- Holocene, as described by 
East et al. (2018); but this process does not account for the recent development of Maaodegalaa and 
similar emergent cays in Huvadhoo Atoll. The location of a sand cay on a la- goon platform can be 
explained by wave transformations and sediment transport as described by Gourlay (1988), and Mandlier 
and Kench (2012). The dynamic nature of sand cays (Flood and Heatwole, 1986) can, likewise, be 
explained in terms of variations in the wave climate. But how do sand cays emerge under contemporary 
sea-state conditions? The presence of wrack on Maaodegalaa indicates that wave overwash has 






Fig. 14. (A) Wind speed; (B) wind direction (adjusted); (C) wind direction (true north) at 5.53 m (A1, mast) and at 0.05 m at the western end of the island (B1) during 
Event 2 (1st February 2018). 
 
documented in recent times following periods of exceptional swell in the Indian Ocean and during tsunami 
(Kench et al., 2006a,b). 
Dune formation in association with pioneer plant species provides a mechanism for islands to 
accrete to an elevation above the usual level of wave swash. We collected 11 plant species during 
fieldwork and all are early successional species that are marine dispersed (described in Sujanapal and 
Sankaran, 2016). We observed small nebkha developed around individual plants of Cyperus 
conglomeratus and larger nebkha formed with Scaevola taccada. Cyperus may be particularly important in 
explaining patterns of aeolian sedimentation and accretion. It has a tussock-like (or ‘bunch-grass’) growth 
form and occurs on Maaodegalaa as scattered plants (see Fig. 3). In this respect, it is not unlike pioneer 
dune species such as Ammophila arenaria, except it does not spread by subsurface rhizomes or stolons. 
Nor does it have the capacity to pro- duce vertical rhizomes and grow vertically as sand accumulates. 
However, it does appear to encourage sand deposition because of its community structure. Individuals 
of the species tend to be widely scattered, so that sand may be blown into this community, where it settles 
as sub-canopy wind speeds decline. We measured accretion of 
0.3 m over 13 months within the Cyperus community that developed between fieldwork in January 2017 
and February 2018 – which is a significant contribution to the topography of the sand cay. However, this 
process may be time-limited, since aeolian sedimentation and ac- cretion is likely to decline as Cyperus 
increases in density or following the establishment of Scaevola within the Cyperus community. We 
measured low wind speeds in the lee of Scaevola during Event 2 on Maaodegalaa, which suggests any 
period of general aeolian accretion in conjunction with Cyperus might be short lived. 
We propose a conceptual model of lagoon island formation, with both overwash and aeolian 
sedimentation contributing to island ac- cretion. Island emergence depends on the favourable 
coincidence of tidal and wind conditions and the presence of viable plant seed and favourable germination 
conditions (e.g. rainfall and soil moisture). The initial condition is a sand cay formed as wave processes 
transport se- diment to a nodal depocentre on the reef surface (Fig. 19a). Sand cays near to Maaodegalaa 
in this condition are over-washed at spring high tide, but at certain times of the year they may emerge for 













Fig. 16. Wenglor particle counts at sites (A) A1/A2 and (B) B1/B2; (C) wind speed (A1, 5.53 m and B1-B4, 0.05 m); and (D) wind direction (A1, B1, B2, B4) during Event 
2 (1254–1332 h,1st February 2018). 
 
growth conditions are favourable, stranded seeds may germinate and grow on the exposed substrate. 
Seedlings or maturing plants may then intercept sand blown across the newly exposed  sand  cay  surface  
(Fig. 19b). Sand may also be trapped around and in the lee of wrack, providing an additional depth of 
sand for root development. This pro- cess may continue so long as spring high tides in the rising phase 
of the annual tidal cycle do not inundate the island (and wave overwash events do not occur). We 
examined the tidal records for Gan for 2015 
and 2016, located 105 km to the south of Maaodegalaa. The difference in elevation between the highest 
and lowest spring high tides during 2015 was 0.35 m. The maximum elevation of the highest spring tide 
was 2.42 m on the 27th October 2015. Subsequent spring tides did not reach this level during all of 2016, 
when the maximum spring high tide reached 2.32 m. Sand cay accretion may then continue as a result 






Fig. 17. Wind velocity contours for two-dimensional computational fluid dynamics (CFD) simulations across (A) Profile B (scarped) at low tide; and (B) Profile C (un- 
scarped) at low tide. The simulations show flow acceleration over and downwind of the scarped profile at low tide with an incident wind velocity of 8 m s1. 
 
Aeolian activity is enhanced, we hypothesize, by flow acceleration over beach scarps eroded during 
spring high tides. The highest high tides may inundate the lower island surfaces, and the sand cay will 
remain vulnerable to tsunami (as occurred in 2004; Kench et al., 2006a,b), however, at this stage the 
sand cay has accreted above the reach of swash and plant colonisation and growth can continue. There 
is a useful coincidence of beach scarping and incident wave direction during the seasonal monsoons, 
such that there is no true windward or leeward side to a sand cay on an annual basis. Sand can be 
transported toward the core of the sand cay during either monsoon. At this stage, the development of a 
stable island form is not inevitable. Seasonal variations in wave characteristics might result in the total 
erosion of the island and the re-establishment of a subtidal sand cay elsewhere on the reef platform. The 
current sand cay of Maaodegalaa developed from a cay which was situated to the northwest of its current 
location. Sand cays such as Maaodegalaa may transition through multiple forms and locations before 
they develop into more stable island forms. 
The emergence of a sand cay above the limit of tides and their co- 
lonisation by pioneer plant species is commonly described as a se- quence of events (e.g. Hopley and 
Heatwole, 2011), 
where a barren sand surface is colonised by pioneer plant species. The above model envisages 
island emergence by aeolian sedimentation and plant colonisation are coincident – the initial supratidal 
bed pro- vides a surface for marine-dispersed seeds to germinate, and the roughness created by 
subsequent plant growth provides for sand ac- cumulation and nebkha development. Significantly, this 
new model of contemporary island development is independent of sea-level over short (decadal) time 




Aeolian sand transport of fine to medium, well-sorted, coral sands was recorded on Maaodegalaa 
sand cay during two wind events. This is the first high-frequency measurement of this process in the 
Maldives and in an equatorial lagoon island setting. It is likely this process occurs frequently and in a range 
of geomorphic settings in Huvadhoo Atoll and in other atolls, including low sand terraces on established 
islands. Reptation and aeolian ripple development probably occurs frequently when near -surface flows 
exceed 6 m s1. Saltation occurs at higher wind speeds, but probably in very specific geomorphic 
circumstances. We recorded much higher rates of sand transport as saltation downwind of a beach scarp 
due to flow acceleration. Incident winds associated with the Iruvai monsoon may not be able to initiate 
sand transport, but we recorded near-surface winds in excess of 8 m s1, probably generated by surface-
based density currents under cumulonimbus clouds. 
The rates of sand transport measured are not high, but are sig- 
nificant in the context of a low-lying coral sand cay with a maximum elevation 0.9 m above the level of 
the highest spring high tides and 
0.6 m above the limit of wave swash. Island accretion by aeolian sedi- mentation and dune development 
may account for a significant com- ponent of the island topography, however, wave-forced over-wash 
and sand deposition must also contribute. Indeed, such events may be cri- tical to island development 
since they deliver the seeds of terrestrial plant species to an elevation above the usual reach of tides. 
Subsequent plant colonisation and growth is critical to nebkha development. 
Our results provide the first observations of aeolian processes fa- cilitating island accretion beyond 
the limits of wave run-up and over- wash. Such a mechanism, combined with colonisation by vegetation, 
may be critical in the transformation of cays from dynamic ephemeral features on reef surfaces to more 







Fig. 18. Wind velocity profiles from CFD simulations taken at (A) 1 m and (B) 10 m landward of the scarped and un-scarped beach profiles for an incident wind of 
8m s1 crossing the beach at low tide. 
 
form under contemporary conditions of rising sea-level. Is there a phase of aeolian activity in the 
development of all lagoon islands? This should be possible to confirm, if such activity is associated with 
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Fig. 19. Conceptual model of sand cay emergence and accretion. The sand cay 
forms on the reef platform and is over-washed by waves at the highest spring 
high tides (A). Subsequent (lower) spring tides strand wrack and seed on the 
cay, and expose the cay surface (B). Seeds germinate, reptation and saltation 
builds nebkha, and shadow dunes form around wrack and plants. The cay ac- 
cretes above the level of the highest spring tides aided, in part, by flow accel- 
eration over seasonal high-tide beach scarps (C). Occasional over-wash during 
periods of high wave activity/tsunami (labelled) contribute to island accretion. 
Aeolian sedimentation and accretion becomes localised as shrub cover in- 
creases. 
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